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SECTION  I 

INTRODUCTION  AND  SUMMARY 


This  report  describes  the  work  performed  at  Rocket  Research  Corporation  (RRC)  during  the  period 
starting  May  30,  1975,  and  ending  March  31.  1977,  under  USAF  Contract  F-33615-75-C-2027 
which  was  granted  by  the  Air  Force  Systems  Command,  Aeronautical  Systems  Division/PPMNB, 
Wright  Patterson  AFB. 

The  purpose  of  the  program  was  to  determine  the  feasibility  of  converting  an  aircraft  jet  engine 
starter  that  is  normally  powered  with, an  8-lbm  solid  propellant  cartridge  (type  MXU4A/A),  to  an 
equivalent  liquid  monopropellant-fueled  device  utilizing  state-of-the-art  hydrazine  technology,  the 
single  most  important  and  most  difficult  development  constraint  being  that  the  complete  hydrazine 
system  must  package  within  tlie  space  normally  occupied  by  the  MXU4A/A  solid  propellant 
cartridge  in  the  starter  breech. 

As  discussed  herein,  and  summarized  in  the  Conclusions  Section,  page  133,  RRC  has  successfully 
demonstrated  the  feasibility  of  converting  the  cartridge  starter  to  operate  with  hydrazine-based 
propellant,  and  the  resultant  system  can  be  packaged  within  the  space  normally  occupied  by  the 
MXU4A/A  solid  propellant  cartridge  in  the  starter  breech. 

The  feasibility  demonstration  pmgram  was  conducted  in  two  phases.  The  initial  phase  included 
analysis  and  design  aeUvities  which  resulted  in  a preliminary  design  drawing  of  a flight  concept 
version  of  the  hydrazine-fueled  starter.  Tlie  hydrazine  conversion  package  includes  a starter  breech 
base-mounted  gas  generator  (catalytic  decomposition  reactor),  an  expendable  fuel  cartridge  which 
contains  sufficient  hydrazine-based  fuel  for  the  worst-case  (-65°F)  start  condition,  and  a 
pressurization  subsystem  that  is  used  to  pressurize  the  fuel  cartridge  for  fuel  expulsion  during 
starter  operation.  A planning  document  was  then  prepared  for  the  conduct  of  the  experimental 
(Phase  II)  portion  of  the  program. 

After  contractor’s  review  of  the  flight  concept  preliminary  design  drawing  and  the  Phase  11  planning 
document,  prototype  hardware  was  fabricated;  and  the  basic  feasibility  of  starter  operation  in  the 
“hydrazine  mode”  was  successfully  demonstrated. 

Based  on  the  results  of  Phase  I/II  activities,  a Final  Flight  Concept  Preliminary  Design  was 
completed  which  incorporated  all  the  technical  advancement  provided  by  this  effort.  This  design  is 
shown  on  page  4. 

The  results  of  the  Phase  l/ll  activities  are  summarized  in  the  following  subsections  and  discussed  in 
detail  in  the  remaining  sections  of  this  report. 

U PHASE  I SUMMARY 

Initial  analysis  and  preliminary  physical  component  layout  drawings  prepared  during  the  proposal 
phase  of  the  program  indicated  that  there  should  be  sufficient  space  available  within  the  breech 


envelope  of  the  solid-propelliint-fuelecl  jet  engine  starter  to  package  a complete  hydrazine-fueled  gas 
generating  subsystem  whicli  would  be  capable  of  providing  cartridge  starter  performance  equivalent 
to  that  obtained  with  the  MXU4A/A  cartridge. 

The  hydrazine-fueled  starter  would  be  capable  of  operating  over  an  ambient  temperature  range  of 
-65  to  +I60°F,  in  any  attitude,  while  delivering  energy  rates  and  total  energy  equivalent  to  the 
MXU4A/A  solid  propellant  cartridge. 

During  Phase  1,  detailed  design  layouts  were  developed  (breach  component  in  the  hydrazine-fueled 
gas  generating  system;  and  a conceptual  preliminary  design  drawing  of  the  hydrazine-fueled  starter 
was  prepared  for  contractor’s  review  with  the  basic  requirements  established  for  the  system.  Phase  1 
was  concluded  by  preparing  a planning  document  for  the  following  experimental  demonstration  test 
program  (Phase  II). 

1.2  PHASE  II  SUMMARY 

Early  Phase  II  activities  included  the  design  and  fabrication  of  a subscale  hydrazine-fueled  gas 
generator,  the  buildup  of  a breadboard  fuel  supply  system,  and  the  installation  of  a government- 
furnished  universal  jet  engine  starter  test  stand. 

Initial  subscale  gas  generator  testing  verified  the  adequacy  of  the  proposed  flight  concept  gas 
generator  design  approach. 

Baseline  starter  operating  characterization  testing  was  then  conducted  using  a model  STU13A/34 
starter  and  MXU4A/A  solid  propellant  cartridges.  The  “cartridge-mode”  operating  characteristics  of 
the  starter  were  measured,  at  RRC,  by  operating  the  starter  on  the  inertia  wheel  type  universal 
starter  test  stand.  Multiple  cartridge  starts  were  conducted  at  ambient  temperatures  ranging  from 
-65  to  +160OF,  This  test  series  defined  starter  output  shaft  terminal  speed  and  time  to  terminal 
speed  characteristics  as  a function  of  soak  temperature  in  the  cartridge  mode. 

Hydrazine-fueled  starter  testing  was  then  initiated  by  installing  the  prototype  flight  concept  gas 
generator  in  the  breech  base  of  the  STU13A/34  starter  which  was  then  supplied  with 
pressure-regulated  fuel  from  a breadboard  fuel  supply  subsystem. 

The  performance  of  tl’.e  hydrazine-fueled  starter  was  monitored  with  the  universal  starter  test  stand 
for  direct  comparison  with  the  baseline  “cartridge-mode”  test  results.  Additionally,  fuel 
consumption  per  start  cycle  was  measured  directly  from  the  run  tank  in  the  breadboard  fuel  supply 
system. 


The  hydrazine-fueled  starter  was  operated  24  times  with  the  TSF-1  candidate  fuel  blend  to 
demonstrate  a minimum  gas  generator  life  capability  of  at  least  20  full  power  start  cycles.  Four 
firings  were  conducted  at  -650F  soak  conditions,  two  firings  at  +160°F,  and  the  remaining  18 
firings  were  at  ambient. 

Eight  additional  hydrazine- fueled  start  cycles  were  then  conducted  with  the  TSF-2  candidate  fuel 
blend.  Three  firings  were  conducted  at  -65 soak  conditions,  three  at  +I6OOF,  and  two  at 
ambient. 
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A review  of  tlic  fuel  consumption  per  start  cycle  with  the  TSF-1  and  TSF-2  fuel  blends  indicated 
that  the  TSF-1  fuel  blend  could  not  be  packaged  in  the  space  available  in  the  starter  breech,  and  the 
space  available  would  be  marginal  with  the  TSF-2  fuel  blend.  Additional  analysis  was  then 
conducted  to  determine  what  changes,  if  any,  could  be  made  to  the  original  Pha.se  I flight  concept 
design  layout  to  increa.se  the  space  available  within  the  breech  envelope  for  fuel  storage.  This 
analysis  indicated  that  adequate  additional  fuel  storage  volume  could  be  obtained  by  revising  the 
fuel  pressurization  subsystem  from  the  original  hydrazine-fueled  configuration  to  a solid  propellant 
pressurization  subsystem. 

A breadboard  version  of  the  proposed  .solid  propellant  fuel  pressurization  .subsystem  was 
subsequently  designed,  fabricated,  and  evaluated;  and  the  hydrazine-fueled  starter  was  successfully 
operated  while  receiving  'I'SF-2  fuel  from  the  breadboard  solid  propellant  fuel  pressurization 
subsystem. 

The  final  version  of  the  hydrazine-fueled  jet  engine  starter  flight  concept  design  is  shown  in  the 
isometric  drawing  of  Figure  1 and  de.scribed  in  detail  in  Section  IV  of  this  report. 

Referring  to  Figure  1,  the  major  components  of  the  hydrazine  conversion  package  include  a gas 
generator  and  a liquid  fuel  cartridge.  The.se  components  are  contained  within  the  starter  breech  in 
the  space  normally  occupied  by  the  MXU4A/A,  8-Ib  solid  propellant  starter  cartridge. 

The  gas  generator  is  an  assembly  of  eight  small  catalytic  decomposition  reactors  arranged  in  parallel 
and  manifolded  to  a central,  common  liquid  fuel  supply  fitting.  The  gas  generator  is  adapted  to  the 
cavity  available  in  the  starter  breech  base.  The  gas  generator  would  remain  in  the  breech  base 
throughout  its  u.seful  life,  estimated  at  400  to  800  starter  operating  cycles. 

The  liquid  fuel  cartridge  is  an  expendable  item  that  would  be  replaced  prior  to  each  starter 
operating  cycle  per  the  procedures  currently  in  effect  for  the  MXU4A/A  solid  propellant  cartridge. 
The  liquid  fuel  cartridge  interfaces  with  the  gas  generator  fuel  supply  fitting  through  a 
burst-disc'sealed  fuel  outlet  port.  The  hydiazine-based  liquid  fuel  supply  is  retained  by  an  integral 
elastomeric  bladder  which  is  contained  within  the  fuel  cartridge  shell.  Bladder  retention  of  the 
liquid  fuel  charge  will  allow  the  starter  to  operate  in  any  attitude.  The  fuel  cartridge  contains 
sufficient  hydrazine-based  liquid  fuel  for  one  starter  operating  cycle  at  any  temperature  in  the 
required  -65  to  +160°F  operating  range.  The  fuel  cartridge  also  includes  a small  solid  propellant 
pressurization  subsystem  that  is  used  to  pres.surize  and  expel  the  liquid  fuel  charge  through  the  gas 
generator  when  the  starter  »s  operated.  The  solid  propellant  subsystem  is  initiated  electrically,  and 
its  power  connection  interfaces  with  the  electrical  connector  that  is  currently  installed  in  the  breech 
cap  for  initiating  the  MXU4A/A,  8-lbm  solid  cartridge. 

The  Phase  II  test  program  has  successfully  demonstiated  the  basic  feasibility  of  operating  a Jet 
engine  starter  with  hydrazine-based  fuel  blends.  Hydrazine  starter  performance  equivalent  to  solid 
propellant-fueled  starter  performance  has  been  demonstrated  at  -65,  ambient,  and  +160OF  soak 
conditions  with  a worst-case  fuel  consumption  (-65°F  start)  that  is  compatible  with  the  space 
available  within  the  cartridge  starter  breech  envelope  for  liquid  fuel  storage. 
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SECTION  II 

PHASE  I CONCEPTUAL  DESIGN 


Three  months  were  allotted  at  the  beginning  of  the  program  for  Phase  1 system  studies,  preliminary 
design  analyses,  and  program  planning  activities.  The  major  objectives  of  the  Phase  I task  were  as 
follows: 

a.  Prepare  a preliminary  design  layout  of  the  hydrazine  system  concept  that  could  be  used 
in  a flight  version  of  the  hydrazine-fueled  starter. 

b.  Predict  the  operating  characteristics  of  this  system  and  a hydrazine-fueled  starter. 

c.  Prepare  for  a review  of  the  safety  and  maintainability  aspects  of  the  hydrazine-fueled 
starter. 

d.  Prepare  a program  plan  to  describe  the  proposed  experimental  test  program  (Phase  II)  to 
determine  and/or  demonstrate  the  feasibility  of  converting  a customer-furnished  solid 
propellant-fueled  jet  engine  starter  to  hydrazine. 

A formal  presentation  of  the  Phase  I material  was  conducted  at  the  end  of  the  3-month  study 
period  for  contracting  agency  review  and  approval  prior  to  proceeding  with  the  Phase  II  hardware 
fabrication  and  test  program.  The  major  elements  of  the  Phase  I task  are  discussed  in  the  following 
subsections. 

2.1  GENERAL  APPROACH 

The  general  approach  to  the  design  of  the  flight  concept  version  of  the  hydrazine  fueled  starter  was 
to  use  existing  technology  to  the  maximum  possible  extent.  Unique  system  requirements  were 
primarily  associated  with  the  extremely  limited  packaging  space  available  for  the  hydrazine 
subsystem  and  the  requirement  for  system  operation  at  -65°F  soak  conditions.  The  Phase  1 program 
elements  are  discussed  below. 

2.2  FUEL  selection 

The  ideal  fuel  for  monopropellant  hydrazine  conversion  of  the  cartridge  starter  is  anhydrous 
hydrazine  (neat  hydrazine).  Unfortunately,  the  freezing  point  of  the  anhydrous  hydrazine  is 
approximately  +35®F  and  is  inconsistent  with  the  requirement  for  system  operation  over  a 
temperature  range  that  extends  from  -65  to  + 160OF. 

Neat  hydrazine  could  be  coniddered  if  shfndent  ele  available  to  power  system 

hbafers  'to  prevent  systeim  sdiidt  temperatures.  However^^  lack  of  power 

availability  and  the  undesirable  complication  of  system  heaters  eliminate  this  approach. 

There  are  a number  of  additives  and  combinations  of  additives  that  may  be  used  to  depress  the 
freezing  point  of  anhydrous  hydrazine,  additives  are  identified  and  diiicUssed  in  the  following 
pamgraFhs..  ■ \ 


2.2.1  Hydrazine  Additives 

Candidate  freezing  point  depressant  additives  for  hydrazine  include  water,  ammonia,  hydrazine 
nitrate  (HN),  monomethyl  hydrazine  (MMH),  ammonium  thiocyanate,  hydrogen  cyanide,  and 
hydrazinium  azide. 

One  of  the  preliminary  considerations  in  the  selection  of  additives  to  reduce  the  freezing  point  is 
the  type  of  decomposition  chamber  to  be  employed  in  the  system.  Since  the  hydrazine-fueled 
starter  will  require  a spontaneous  type  catalytic  reactor  with  long  life  and  multiple  restart 
capability,  any  carbon  containing  additives  must  be  eliminated  from  consideration  as  viable 
candidates  since  additives  in  this  family  will  deposit  carbon  on  the  active  sites  of  the  catalyst  and 
reduce  the  effective  activity  of  the  catalyst  below  that  required  for  repeated  restart  capability.  This 
reduces  the  candidate  additives  to  water,  ammonia,  and  hydrazine  nitrate.  The  azide  propellants 
offer  no  advantages  over  nitrated  propellant,  the  safety  characteristics  are  inferior,  and  gas  generator 
tests  indicate  an  order  of  magnitude  increase  in  catalyst  loss  rate  over  the  nitrate  propellants. 

A second  consideration  in  the  selection  of  additives  is  their  effect  on  the  energy  content  of  the 
resultant  fuel  mixture.  Water  and  ammonia  will  reduce  the  energy  content  of  the  blend,  and 
hydrazine  nitrate  will  increase  the  energy  content. 

2.2.2  Binary  Propellant  Mixtures 

Binary  mixtures  of  hydrazine  and  water,  ammonia,  or  hydrazine  nitrate  can  be  evaluated  in  gross 
terms  for  this  application  as  follows: 

1 . Hydrazine/Water 

A -65°F  freezing  point  is  obtainable  with  reasonable  fuel  mix  energy  content. 

2.  Hydrazine/Ammonia 

A -65<^F  freezing  point  requires  approximately  64%  ammonia  by  weight;  the  energy 
content  of  the  resultant  mixture  is  not  adequate  for  this  application,  and  this  high 
percentage  of  ammonia  makes  it  very  marginal  that  decomposition  can  be  reliably 
obtained.  Additionally,  the  high  vapor  pressure  of  an  ammonia  additive  would  increase 
the  complexity  of  fuel  mix  operations  and  complicate  the  design  of  the  fuel  cartridge; 
therefore,  ammonia  is  not  considered  as  a viable  candidate  for  a freezing  point  depressant 
for  this  application. 

3.  Hydrazine/Hydrazine  Nitrate 

The  maximum,  frpe;ting  point  ob^  with  this  mixture  is  0°F  when 

consideration  is  given  to  selecting  a,  mixture  which  is  not  in  a shock-sensitive  range. 
Therefore,  a binary  mixture  of  hydrazine  nitrate  cannot  be  considered  for  this 
application. 

2.2.3  Ternary  Proj^lUnt  Mixture^ 

Hydrazine  can  be  combined  with  various  percentages  of  water  and  hydrazine  nitrate  as.  a ternary 
blend  to  satisfy  the  •65PF  freezing  point  requirement.  Additionally,  the  resultant  ternary  mixes 


have  a greater  energy  content  than  the  hydrazine-water  mix  previously  discussed  and  are  stable 
compounds  which  are  not  shock  sensitive. 

2.2.4  Propellant  Selection 

The  above  review  of  the  additives  available  and  a consideration  of  the  long-life  requirement  for  the 
catalytic  gas  generator,  with  multiple  restart  capability,  have  resulted  in  the  selection  of  water,  or  a 
combination  of  hydrazine  nitrate  (N2H5NO3)  and  water,  as  the  preferred  freezing  point  depressant 
additives  for  this  application. 

Rocket  Research  Corporation  selected  three  candidate  turbine  starter  fuel  (TSF)  mixtures  for 
additional  analysis.  The  composition  of  these  fuel  mixtures  is  summarized  in  Table  1. 


Table  1 

COMPOSITION  OF  CANDIDATE 
APU  STARTER  FUELS 


Fuel  Mix 
Identifier 

Composition 
% by  Weight 

N2H4 

N2H5NO3 

H2O 

TSF- 1 

60 

21 

19 

TSF-2 

58 

25 

17 

TSF-3 

68 

_ 

32 

Figure  2 depicts  the  freezing  point  characteristics  of  binary  mixtures  of  water  and  anhydrous 
hydrazine  as  a function  of  the  percentage  by  weight  of  hydrazine  in  the  mix.  The  required  -650F 
freezing  point  may  be  obtained  in  fuel  mixtures  containing  32,  57,  or  68  percent  hydrazine.  A 
hydrazine/water  mixture  containing  68  percent  hydrazine  (TSF-3)  was  selected  to  maximize  the 
energy  content  of  the  fuel  mix. 

Freezing  point  degression  to  -65®F  can  be  obtained  with  any  ternary  mixture  of  hydrazine, 
hydrazine  nitrate,  and  water  within  the  boundary  established  by  the  dashed  envelope  of  Figure  3 
(i.e.,  out^de  tlie  shbdt'-sensittve  boundaiy).  The  energy  content  of  the  resultant  mixture  increases  as 
the  mixture  becpthes  richer  cohtent  as  not^d  by  the  superimposed 

exhaust  gas  isotheidbii.  Tl^  mpsi  ehe^etic  i^xtures.iieiin  a regime  that  is  ciassified  as  deionable  by 

the  card  gap  test  .y-', 

The  ternary  mixeS^iectisd  t by  triangular  symbols  on 

Figure  3.  ThCy'S^i^i '«tbc'l}W the 
detonable  boundary,  '|riSF»l  margin 

below  the  detonabie  bpUndaryvi^e^  ene%etic  orriib  two  ternary  mixes  but 

has'imprQved:safbty^m^  . 


FREEZING  POINT.  OK 


FREEZING  POINT  OF  HYDRAZINE-WATER  MIXTURES 


HYDRAZINE.  % BY  WEIGHT 
DATA  SOURCE  - HILL  AND  SUMNER 

8 FigurtS 


FREEZING  INLET,  OF 


NH5N03 


The  liquid  hulk  density  of  (he  candidate  binary  and  ternaiy  fuel  mixes  can  be  determined  from  the 
data  shown  in  Figure  4.  it  will  be  noted  that  the  ternary  mixes  TSF-1  and  TSF-2  are  significantly 
denser  than  die  binar,  mix  TSF-3. 

The  relatively  high  bulk  density  of  the  ternary  mixes  and  the  energy  content  of  the  resultant 
exhaust  products  will  combine  to  yield  the  minimum  required  fuel  storage  volume  for  a given 
cartridge  starter  operating  cycle. 

The  temperature  and  the  composition  of  the  exhaust  gas  generated  by  the  decomposition  of 
hydrazine-based  fuels  is  a strong  function  of  the  chemical  composition  of  the  fuel  mix,  temperature 
of  the  fuel  supplied  to  the  gas  generator,  and  certain  physical  design  variables  in  the  decomposition 
chamber. 

Hydrazine  fuel  may  be  considered  to  be  decomposed  in  the  gas  generator  reactor  according  to  the 
following  consecutive  reactions: 

3N2H4  4NH3  + N2  + 1 44,300  Btu  ( I ) 

4NH3  2N2+6H2- 79,200  Btu  (2) 

In  the  first  step  of  the  reaction  model,  the  hydrazine  is  broken  catalytically  into  ammonia  and 
nitrogen.  In  the  second  step,  the  ammonia  formed  is  dissociated  into  nitrogen  and  hydrogen.  In  the 
first  step,  the  exhaust  products  would  be  slightly  toxic  due  to  the  presence  of  ammonia  and 
relatively  nonflammable  due  to  the  absence  of  hydrogen.  In  the  second  step,  which  is  exothermic, 
the  exhaust  gas  temperature  decreases  as  the  ammonia  dissociates  into  nitrogen  and  hydrogen, 
effectively  reducing  the  toxicity  of  the  exhaust  products  and  increasing  their  flammability  due  to 
the  presence  of  hydrogen. 

Basically,  the  control  of  the  flow  variables  and  the  geometry  of  the  gas  generator  control  the  degree 
of  completion  of  the  second  step  of  the  reaction  process  for  a neat  hydrazine  fueled  gas  generator. 
This  provides  the  designer  a means  of  controlling  the  exhaust  gas  temperature  and  composition  of 
the  exhaust  products.  Equations  (1)  and  (2)  may  be  combined  as  follows  for  calculation  purposes: 

3N2H4  4(1  - X)  NH3  + 6XH2  + (2X  - 1)  N2  + 1 144,300  - X(79,200)J  Btu  (3) 

where  X =?fwctipn.ofN 

For  the  fuel  mixers  of  interest,  equation  (3)  may  be  modified  to  account  for  the  addition  of  water 
and/or  hydrazine  nitrate,  and  all  of  the  properties  of  the  resultant  exhaust  gas  may  be  determined 
fof  a meaningful  range  of  ammonia  dissociation  (X)  over  a fuel  supply  temperature  of  -6S  to 
Table  2 summarizes  the  thermochemical  characterization  of  the  candidate  fuel  mixes  for 
- sliidy.  Table  3 summarizes  the  exhaust  gas  composition  of  the  candidate  propellant  blends  as  a 
Itiiuction  of  ammqitia  dissociation. 


Table  3 

EXHAUST  GAS  COMPOSITION  OF  CANDIDATE  PROPELLANT  BLENDS 


Propellant 

Blend 

Ammonia 

Dissociation 

% 

Exhaust  Gas  Composition,  % by  Volume 

Nitrogen 

Ammonia 

Hydrogen 

Water 

TSF-1 

24 

24 

28.3 

HBfl 

14.8 

33.3 

26.2 

TSF-2 

23.4 

23.3 

28.9 

HI 

14.4 

32.4 

26.9 

TSF-3 

0 

13.3 

53.2 

0 

33.4 

20 

16.8 

38.5 

14.4 

30.2 

Tests  conducted  by  RRC  on  water/hydrazine  mixtures  indicate  that  no  ammonia  dissociation  is 
obtained  below  1,000°F  exhaust  gas  temperature.  For  the  water/hydrazine  blend,  ammonia 
dissociation  values  of  zero  to  20  percent  are  expected.  For  the  nitrated  propellant  blends,  tests  on 
other  RRC  pifograms  have  indicated  ammonia  dissociation  values  of  40  to  60%  are  to  be  expected 
with  reasonable  bed  lengths. 

2.2.5  Safety 

The  general  safety  guidelines  for  handling  hydrazine  and  hydrazine  water  blends  are  well  established 
and  readily  available.  The  safety  and  handling  characteristics  of  hydrazine/hydrazine  nitrate  blends 
are  often  questioned  from  the  following  two  aspects; 

a.  Detonability  or  shock  sensitivity  since  a limit  exists  on  the  amount  of  hydrazine  nitrate 
which  may  be  added  before  the  propellant  does  become  sensitive 

b.  Nitrate  crystal  formation  due  to  inadvertent  spillage. 

A propellant  ihixture  24%  hydrazine  nitrate  and  76%  hydrazine  has  been  extensively  characterized 
for  safety  and  handling  characteristics.  The  following  summarizes  the  results  of  safety  tests  to  which 
this  mixture  has  been  tested: 

g.  The  proptiUant  <?annqt  be  eitplotled  by  shock,  friction,  or  electrical  dischame  (USBM  1C 

mm  ■ 

b.  Closed  tanks  containing  hydrazine  blends  normally  burst  without  exploding  when 
exposed  to  bonfu^  (JPL  Tit  32472). 

c.  iiht>i6t  of  20  ittin  incendiary  amihuhitioh  or  0.3-caliber  bullet  did  not  cause  explosions 
(JIPITR  32-172). 


d.  Negative  results  with  following  JANNAF/ICRPG  tests. 

(1)  Drop  weight  test 

(2)  Card  gap  test 

(3)  Trauzl  block  test 

(4)  Detonation  propagation  test 

(5)  Adiabatic  compression  test 

As  noted,  all  of  the  above  safety  tests  gave  negative  results,  indicating  good  handling  and  safety 
characteristics  of  this  blend.  Addition  of  water  to  hydrazine/hydrazine  nitrate  blends  for  the 
TSF-1  and  TSF-2  propellants)  will  improve  the  handling  characteristics  since  water  acts  as  a diluent. 

In  conjunction  with  a previous  RRC  contract,  te.sts  were  conducted  on  the  hazard  potential 
resulting  from  an  undetected  spill  or  propellant  residuals  in  an  incompletely  emptied  tank.  The 
majority  of  the  simulated  spill  tests  were  conducted  with  the  24%  HN  binary  mixture,  which  is 
considered  more  difficult  to  handle  than  either  TSF-1  or  TSF-2.  Samples  of  propellant  with 
constant  surface  area  were  exposed  to  the  atmosphere  under  varying  environmental  conditions,  and 
the  propellant  was  analyzed  after  repeated  time  intervals.  The  data  in  Figure  5 shows  that  both 
with  stagnant  air  and  with  air  velocity  of  50  feet/min,  the  propellant  picked  up  water  from  the  air 
because  it  is  hygroscopic.  The  composition  barely  touched  the  detonable  range  between  2 and  4 
hours  after  initiation  of  the  test  and  then  moved  toward  tlie  inert  water  corner  of  the  ternary 
system. 

Subsequent  tests  were  conducted  in  a clo.sed  system  under  closely  controlled  conditions  with 
constant  relative  humidity.  The  apparatus  shown  in  Figure  6 was  used  for  this  test.  It  consisted  of 
a constant  humidity  chamber  with  a constant  humidity  solution  composed  of  sulfuric  acid  and 
water.  The  constant  humidity  solution  served  a dual  purpose;  first,  it  maintained  a constant  relative 
humidity  of  water  in  the  chamber  regardless  of  ambient  temperature  fluctuation;  and,  secondly,  it 
immediately  removed  all  hydrazine  vapor  from  the  atmosphere.  The  test  must  be  regarded  as  a more 
severe  test  than  under  actual  field  conditions  because  a stationary  hydrazine  partial  pressure  above 
the  solution  will  delay  the  rate  of  evaporation  considerably. 

As  shown  in  Figure  7,  detonable  mixtures  can  form  under  these  conditions  of  increased  severity 
only  at  humidities  below  30%.  Even  then,  it  took  several  days  before  the  curve  entered  the 
detonable  range.  Under  practical  conditions,  a leak  would  be  detected  before  this  time,  and 
corrective  action  could  be  taken. 

The  tests  indicate  that  for  the  anhydrous  24%  HN  mixture,  detonable  mixtures  can  be  formed 
under  extremely  dry  conditions  with  a high  rate  of  air  exchange.  However,  this  is  loss  likely  to 
happen  with  the  TSF  mixtures  because  these  already  contain  watet,  and  relative  humidity  in  the 
vicinity  of  the  propellant  will  always  be  high.  Curves  in  Figures  S and  7 pass  through  compositions 
similar  to  TSF  without  dropping  back  into  the  detonable  range.  It  is  expected  that  the  initial  slope 
of  the  curves  for  20,  30,  40,  or  75%  relative  humidity  will  remain  the  same;  just  the 
starting  point  would  bo  moved  to  the  right  by  approximately  20  scale  units,  making  it  less  likely  to 
intersect  the  detonable  range  with  subsequent  evaporation.  It  must  also  be  emphasized  that  in  no 
case  did  the  aforementioned  evaporation  tests  with  the  24%  HN  mixture  result  in  the  formation  of 
nitrate  crystals.  The  constituents  remained  completely  soluble  at  77^F.  It  is  therefore  believed  that 
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the  probability  of  forming  a cletonablc  compound  or  nitrate  crystals  with  tiie  TSF-I  or  TSI'-z 
propellants  is  extremely  remote. 

2.2.6  Cartridge  Starter  Perfonnanee 

The  performance  of  the  cartriilgc  starter  has  been  analyzed  (see  paragraph  2.4.2)  to  evaluate  its 
operating  characteristics  when  the  unit  is  converted  to  operate  on  hydrazine-based  fuel. 

Starter  performance  is  considered  adequate  and  equal  to  or  better  than  that  obtained  with  the 
existing  solid  propellant  cartridge  when  operated  with  any  of  the  three  candidate  fuel  mixes.  No 
modifications  will  be  required  to  the  turbine  portion  of  the  cartridge  starter  for  operation  with  fuel 
mixes  TSF-I , TSF-2.  or  TSF-3. 

Since  TSF-2  has  the  highest  energy  density  of  the  three  candidate  fuel  mixes,  this  mix  would  be  the 
preferred  mix  from  a gross  turbine  performance  viewpoint.  TSF-1  and  TSF-3  would  be  ranked  as 
second  and  third  candidates  in  that  order. 

2.2.7  Baseline  Fuel  Selection 

As  discussed  in  paragraph  3.4.2,  the  TSF-2  fuel  blend  was  finally  selected  as  the  baseline  fuel  for  the 
starter  application.  Fuel  consumption  mea.surements  during  starter  performance  testing  in  the 
hydrazine  mode  indicated  that  the  TSF-2  fuel  blend  was  the  only  candidate  fuel  that  could  be 
packaged  in  the  space  available  in  the  breech  storage  volume  that  would  duplicate  the  energy 
available  in  the  solid  propellant  cartridge  at  -65®F  ambient  temperature  operating  conditions. 

2.2.8  Preparation  of  the  Ternary  Fuel  Mix 

Tliere  are  two  fundamental  techniques  available  for  blending  the  ternary  TSF-1  and  TSF-2  fuel 
mixes.  One  method  consists  of  adding  water  to  anhydrous  hydrazine  followed  by  the  addition  of 
granular  industrial  grade  ammonium  nitrate  (NH4NO3).  The  second  method  involves  diluting  nitric 
acid  (NH03)  with  water  and  adding  ihe  resultant  solution  to  anhydrous  hydrazine.  Both  techniques 
were  evaluated  during  the  Phase  II  portion  of  the  program  as  discussed  below. 

2.2.8. 1 Ammonium  Nitrate  Method 

The  composition  of  the  TSF-1  fuel  mix  is  (N2H4  + 0.1 18  N2H5NO3  + 0.563  H2O).  When  the  fuel 
mix  is  prepared  by  the  ammoniu.m  nitrate  method,  the  mixing  reaction  is  as  follows: 

heat  of  hydration  ammonia  gas 

Hydrazine  + water  f ammonium  nitrate  I 

or  quantatively: 


1.118  N2H4  + 0.1 18  NH4NO3  + 0.563  H2O— ► 

(N2H4  -H  0. 1 1 8 N2H5NO3  + 0.563  H20)^gp  ^ + 0. 1 1 8 NH3  | 


18 


Tims,  with  tlio  proper  quantities  of  hyilnizine.  water,  ami  ammonium  iiilrale,  llie  I'SI'-l  I'uel  mix 
can  be  prepared;  but  the  fuel  will  contain  up  to  3.6  percent  (by  weipht)  of  ammonia.  I bis  amoiml 
of  ammonia  is  considered  excessive  and  must  be  removed  by  furllier  I'uel  processing. 

Figure  8 depicts  the  sparging  apparatus  that  was  used  by  RRC  to  reduce  the  ammonia  content  of 
the  TSF-I  fuel  mix  to  less  than  0.4  percent  (current  limit  in  anhydrous  hydrazine).  The  I'uel  was 
sparged  with  low  pressure  gaseous  nitrogen  for  approximately  48  horn's  in  a 5,‘i-gallon  drum  using  a 
glass  “tree”  to  disperse  the  nitrogen  bubbles  over  a relatively  large  surface  area.  After  this  initial 
sparging  period,  fuel  sampling  and  analysis  indicated  an  ammonia  content  in  excess  of  1 percent. 

A vacuum  pump  was  attached  to  the  vent  line,  and  the  sparging  process  was  repeated  at  a pressure 
in  the  drum  on  the  order  of  1 psia  for  24  hours.  Little,  if  any,  reduction  in  the  amount  of  ammonia 
content  was  noted. 

The  fuel  bunker  where  the  sparging  was  conducted  was  not  heated,  and  the  ambient  temperature 
was  in  the  35  to  40°F  range.  The  sparging  drum  was  subsequently  heated  to  70°F.  and  the 
vacuum/sparging  operation  was  continued  for  10  days  with  incremental  fuel  sampling  and  analysis. 
The  final  ammonia  content  at  the  conclusion  of  the  10-day  sparge  period  was  0.35  percent. 

2.2.8. 2 Nitric  Acid  Method 

When  the  TSF-2  fuel  mix  was  prepared  for  the  Phase  II  test  program,  the  nitric  acid  method  was 
used  to  avoid  the  time  consuming  sparging  operation  discussed  above. 

The  composition  of  the  TSF-2  fuel  mix  is  (N2H4  ■+•  0.145  N2H5NO3  + 0.521  H2O).  When  the  fuel 
mix  is  prepared  by  the  nitric  acid  method,  the  mixing  reaction  is  as  follows; 

add  mix  to 

Water -f- acid  I - hydrazine  T 

or  quantatively: 

1. 145  N2H4  + 0.145  NHO3  + 0.521  H2O — ► 


(N2H4  + 0.145  N2H5NO3  + 0.521 

As  noted,  the  fuel  composition  by  the  nitric  acid  technique  is  acceptable  as  mixed.  The  single 
constraint  in  adapting  this  mixing  procedure  is  the  limited  allowable  rate  of  adding  the  diluted  acid 
mix  to  the  anhydrous  hydrazine.  The  dilute  acid  mix  must  be  added  slowly  to  allow  the  heat  of 
reaction  to  dissipate  in  a safe  manner. 

2.2.9  Physical'Properties-of  the  TSF-1  Fuel  Mix 

Although  not  contractually  required,  RRC  conducted  a limited  physical  properties  evaluation  of  the 
TSF-1  fuel  mix  to  determine  the  freezing  point,  low  temperature  viscosity,  and  low  temperature 
density  characteristics  of  the  fuel  blend. 
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. FUEL  SPARGING  APPARATUS 
(AMMONIUM  NITRATE  MIXING  TECHNIQUE) 

NITROGEN 

SUPPLY 


2.2.9. 1  Freezing  Point 

The  TSF-1  fuel  mix  froze  at  and  melted,  on  reheating,  at  -85^F,  providing  adequate  margin 

below  the  required  -65^F  operating  extreme  for  the  starter. 


2. 2.9.2  Viscosity 


The  visco.sity  of  tlie  TSF-1  fuel  mix  was  measured  by  the  ASTM  D445  method  using 
Cannon-Fcnske  capillary  tubes  over  a temperature  range  that  varied  from  -85  to  +80^^F.  The  test 
results  are  shown  in  Figure  9. 

2.2.9.3  Density  • f 

TSF-1  fuel  density  was,  measured  by  the  ASTM-D-941-55  method  using  a Lipkin  bicapillary 
pycnometer  over  a temperature  range  that  varied  from  -85  to  +77‘’F.  The  test  results  are  .shown  in 
Figure  10.  , 

2.3  GAS  GENERATOR  SELECTION 
2.3.1  Decomposition  techniques 

In  broad  terms, The  decomposition  of  hydrazine  may  be  carried  out  by  means  of  two  techniques, 
thermal  or  catalytic.  Early  work  on  hydrazine  decomposition  was  carried  out  in  empty  chambers  in 
which  the  chamber  walla  were  preheated  to  approximately  LOGOFF.  This  temperature  was, 
sufficient  such  that  when  propellant  was  introduced,  vaporization  and  subsequent  decomposition 
would  occur.  Such  techniques  required  h|gh,  L'^  (i.e.>  chamNr  volunte)  in  order  to  complete  the 
decomposition.  As  the  application  for  hydrazine  as  a nippopropellant  grew,  catalysts  were 
developed  to  decrease  the  decomposition  tithes  and  minimize  required  chamber  volumes.  Initial 
catalysts  were  developed  which  were  not  spoptaneous  at  ambient  tempefature,  but  when  heated  to 
500  to  7009F,  exhibited  high  catalytic  activity.  Subsequent  work  resulted  in  the  development  by 
Shell  Development  Company  of  a catalyst  which  would  initiate  the  decomposition  at  ambient 
temperature.  Development  of  this  catalyst  opened  up  a neW  bioad  spectrum  for  the  application  of 
monopropellant  hydrazine. 


In  the  past  few  years  many  government  agencies  and  industrial  firms  have  concentrated  on  the 
development  of  thermal  decomposition  techniques  for  hydrazine-based  monoprdpellant$.  Such 
techniques  can  result  in  minimizing  gas  geherator  costs  and,  for  high  production  tactical 
applications,  cUn  result  in  cost  savings  over  catalytic  design  approaches  depending  on  the  size  of  the 


device.  The  ensuing  sections  discuss  in  more  detah  decomposition  approaches. 

IThehnal  ..decomi^ii]^  js  acconajpJ|a^  by*  preheatittg;  the  decihtipositlon 

^chamber  to  ihe  decompositaoh  teidperaW^^ 

the  hiitial  decoptpOidtiQn/^^  sustain  the  reaction  is  suppUed  i^om^^^^^ 

by-  several:  means  orpi^iiea^ii 

he^  use  of  a sthali  soUd  propelispilit  Ch  supply 

.,i^ceisaii^,^hOt''iaSd!S! ^ a ■ thehticaal^’i^ctive  ■ 0ki|lzi^  soUt) 

' form.  'V 


TEMPERATURE  «>F 


In  the  thermal  bed  gas  generator,  some  of  the  beat  from  tbe  Iteat  energy  liberated  by  the 
exothermic  decomposition  must  be  used  to  heat  t^  incoming  propellant  to  its  autodecomposition 
temperature.  Consequently,  the  decomposition  zone  is  stabilised  in  the  thermal  bed  at  a point 
where  the  energy  required  to  heat  the  incorning  fuel  is  equale^  by  the  ability  of  the  irot  gas  and  the 
thermal  bed  material  to  transfer  heat  into  tlie  fuel  As 'the  flow  rate  or  bed  loading  is  increased,  the 
decomposition  zone  will  be  established  deeper  in  the  bed.  If  the  thermal  capacity  of  tlie  bed  is 
insufficient  to  heat  the  incoming  propell/tnt'k)  its  auttpdocdmposition  temperature,  the  decomposi- 
tion zone  will  steadily  move  out  of  the  bed  and;  floqd.ing. will  occur.  Thus,  a desirable  thermal  bed 
materia!  should  have  moderate  heat  capaeifywnd  hi^ti  thermal  conductivity  to  transfer  heat  to  the 
top  of  the  bed.  , ' ' '.  P' 

Bed  materials  commonly  employed  in  thiirmal  bed  reactors  include  wire  mesh  screens,  spherical 
balls  of  stainless  steel,  copper,  or  ccramld  haterials,  and  porous  matrices  of  honeycomb  ceramic, 
fire  brick,  or  foam  metals.  The  most  common  techniques  used  for  stdrtin|{. thermal  beds  are  either  to 
heat  it  electrically  or  to  use  iodine  pentoxide  (I.20s)  in  powder  form  contained  at  the  top  of  the 
bed.  The  I2O5  reacts  with  hydrazine  on:  start  to  prchea.t  the  bed, ' 

The  advantages  of  the  thermal  bed  decomposition  technique  include  potential,  lower  cost,  ability  to 
run  with  carbon  containing  hydruainc-based  mopppropellanU,  and  it|  relative  ruggedness  compared 
to  catalytic  chambers.  , , 

The  major  disadvantages  of  the  thermal  bed  approach  include  large  chamber  volume  necessary  for 
decomposition,  single  failure  mode  if  the  auxiliary  ignitbn  source  does  not  ^prk,  lack  of  restart 
capability  without  an  external  energy  source.  The  possIblUty  of  a misfire  if  the  auxiliary  ignition 
source  does  not  work  represents  a very  serious  disadvatjtage  to  tiicrnt^  bed  decomposition  and  on 
the  Space  Shuttle  program  was  the  one  item  which  led  INlASA  to  se,lect  a c?)talytic  approach  for  the 
hydrazine  gas  generator  APU  system. 

2.3. 1.2  Catalytic  Decomposition 


Catalysts  for  the  decomposition  of  hydrazine  fall  into  two  classes:  those  Wltich  are  spontaneous  and 
initiate  decomposition  at  ambient  temperature,  and  those  which  mu.st  be  preheated  to  varying 
temperatures.before  they  exhibit  sufficient  catalytic  activity  to  sustain  decomposition. 


Catalysts  which  will  not  initiate  decomposition  at  ambient  temperature  typically  have  to  be  heated 
to  SOO  to  700<’F  before  sufl'icient  activity  is  obtained  to  sustain  decomposition.  These  catalysts  are 
typically  one  or  two  orders  of  magnitude  less  costly  thim  405  catalyst.  Rocket  Research 
Corporation  and  other  pridiriiitatiprts  |t|ve  deveiojied  sevel^  whieh  tall  in  this  category. 

Starting  is  typifiaity  obtaiiied  by  prehea|ling  the  b«id  electiicidly  or  with  a solid  propeilant  or  by 
coating  the  cat^sl  with  a solW  oxid^^^^  , 


Shell  40s  catalyst  represents  the  best  catalyst  avaiiabie  to  initiate  hydrazine  decomposition  at 
ambient  temperatures.  The  catalyst  has  been  ihoroug.*'!/  characterized  and  developed  within  the 
industry.  Other  catalysts  have  been  developed  by  Shell,  RRC,  and  others  which  wilt  initiate 
deicpmposition  at  ambient  temperatui;e;  . but  their  life  characteristics  are  inferior  to  Shell  405. 


2.3.2  Selection  of  Decomposition  Techniques 

The  pr^Vioiis  sections  have  discussed  three  techniques  for  hydrazine  decomposition.  These 
techhktucs  are; 

a.  Thermal  bed 

b.  All  spontaneous  catalytic  beds 

. c.  Ndnspontandous  catalytic  beds 

Tile  above  thrpe  techniques  were  numerically  evaluated  for  use  in  the  jet  engine  starter  program 
against  et^lteria  which  , important  for  this  application.  The  results  of  this  analysis  are  shown  in 
Jable  4.  It  is  seen  that  the  spontaneous  catalytic  approach  for  decomposition  rates  is  markedly 
superior  to  the  other  upproaches.  This  rating  is  achieved  due  to  its  ability  to  initiate  decomposition 
withoqt  othdr  heat  sources,  its  small  envelope  and  packaging  nexibility,  its  lack  of  refurbishment 
requitCinents  betsyeejn  starts,  and  its  ability  to  very  effectively  decompose  hydrazine/water 
’propellant  mmtites. 


Table  4 

lEVALUATlON  OF  DECOMPOSITION  TECHNIQUES 
— — \ r— ^ 


^ Par,iO|ei|:*!r/ ' 

Weighting 

Factor 

Thermal 

Bed 

Nonspontaneous 

Catalyst 

Bed 

Spontaneous 

Catalyst 

Bed 

Volume 

20 

10 

15 

20 

Start  capability 

20 

10 

15 

20 

Capability  of  running 
withN2H4/H20/N2H5N03 
propellant  mixtures 

15 

7 

10 

15 

Initial  cost 

15 

IS 

12 

10 

Refuibhihment  cost  per  start 

15 

8 

8 

15 

Malof  lil^furbi^ 

10 

TO 

8 

6 

l^aeltiaging  flexibility 

10 

6 

8 

10 

Emdioiifneiitai^c^^ 
i^jibration  Ib^i 

■"..IQ'-'. 

10 

7 

7 

115 

76 

83 

103 

2.3.3  Catalyst  Selection 

Catalysts  other  ii.un  Shell  40S  are  available  fur  the  decomposition  of  hydrazinc'based  propellants. 
Other  catalysts  available  in  the  industry  are  shown  in  Table  5.  These  catalysts  have  been  evaluated 
for  use  in  the  jet  engine  starter  gas  generator. 

Shell  405  is  the  catalyst  which  is  currently  used  in  all  major  space  programs  involving 
monopropcllant  hydrazine  thrusters.  It  is  the  only  spontaneous  catalyst  which  ha.s  flight  experience 
and  has  been  extensively  characterized  and  developed  for  monopropcllant  applications.  The  catalyst 
uses  iridium  metal  deposited  on  a Reynolds  alumina  (RA-1)  alumina  substrate.  Because  of  the  high 
cost  of  iridium  metals  and  the  processing  costs,  the  catalyst  is  relatively  expensive.  It  should  be 
remembered,  however,  that  for  the  jet  engine  starter,  the  catalyst  can  be  reclaimed  after  use  so  that 
its  effective  cost  is  substantially  reduced. 

The  aforementioned  catalysts  have  been  evaluated  quantitatively  for  application  for  the  Jet  engine 
starter  program.  This  evaluation,  presented  in  Table  6,  considered  spontaneity,  strength, 
susceptibility  to  oxidation  and  atmospheric  contamination,  cost,  availability,  catalyst  stability, 
packaging  flexibility  within  the  thrust  chamber,  refurbishment  costs,  vibrational  load  capability, 
and  catalyst  life  in  terms  of  total  burn  time  and  number  of  starts  capability.  Based  upon  these 
considerations,  the  study  indicates  that  the  mixed  catalyst  bed  approach  represents  the  optimum 
approach  for  the  jet  engine  starter  gas  generator.  It  satisfies  all  performance  constraints  while  still 
providing  an  overall  bed  of  high  activity  in  a cost<effective  manner.  The  selected  catalyst  bed  is  one 
containing  Shell  40S  in  the  inner  bed  next  to  the  injector  and  LCH-202  in  the  remainder  of  tlie  bed. 

2.3.4  Gas  Generator  Packaging 

Two  packaging  approaches  are  used  at  RRC  in  gas  generator  design.  These  two  design  approaches 
shown  schematically  in  Figure  1 1 consist  of  axial  flow  and  radial  flow  techniques.  The  axial  flow 
packaging  technique  is  normally  employed  in  the  lower  thrust  level  regimes  (i.e.,  less  than  SO*  to 
100-lbf  thrust  level),  and  radial  flow  geometries  are  employed  above  this  level. 

The  radial  flow  geometry  was  initially  selected  for  the  Phase  I flight  concept  design  configuration  as 
shown  in  RRC  drawing  SK  5585  (Figure  12,  paragraph  2.4).  However,  detailed  analysis  during 
Phase  II  prototype  gas  generator  design  activities  indicated  that  the  space  available  for  packaging  the 
gas  generator  in  the  starter  breech  base  resulted  in  unforeseen  complexity  in  the  design  of  the 
catalyst  bed  containment  structure  to  accommodate  thermal  growth  of  the  catalyst  during 
generator  operation. 

A review  of  the  alternates  available  resulted  in  the  final  design  approach  that  utilises  eight  small 
axial  flow  gas  generator  elements  arranged  in  parallel,  as  shown  in  Figure  43  of  paragraph.  3.4, 

2.4  FUOHT  CONCEPT 

the  design  of  the  Phase  1 flight  concept  version  of  the  hydrazine-fueled  starter  is  discussed  below. 
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GENERAL  CHARACTERISTICS  OF  CANDIDATE 
JET  ENGINE  STARTER  CATALYSTS 


Catalyst 


Shell  40S 


Shell  X-B 


SheUiXrC 


Shell  X^ 


Shell  experimental 


ESSO  500 


Pioneer 


Coat  per  Ibm 


$4,000 


In  range 
of  Shell 
X-aeries 


Spontaneity 

Relative 

Activity 

Spontaneous 
at  ambient 
temperature 
or  below 

High 

Low  at  ambient 
temperature 

Low 

Spontaneous 
at  ambient 
temperature 

Med 

Spontaneous 
at  ambient 
temperature 

Med/High 

Spontaneous 
at  ambient 
temperature 

High 

Spontaneous 
at  ambient 
temperature 

High 

Low  at 
at  ambient 
temperature 

Low 

Nonspontaneous 
at  ambient 
temperature 

Low 

m 


Noriifiontanepus 
at  iriihient 
t#n|Wt*lura 


GAS  GENERATOR  CATALYST  BED  PACKAGING  APPROACHES 


HEAD  END  INJECTION 


RADIAL  OUTFLOW 


CATALYST 


2.4.1  Preliminary  Design  - Flight  Concept  Hydrazine  Starter 

The  preliminary  design  of  the  Hight  concept  hydrazine  starter  is  shown  in  RRC  drawing  SK  .S58.S 
(Figure  1 2).  Major  .system  components  include: 

a.  Tlie  main  gas  generator 

b.  A 18 1-in. 3 fuel  cartridge 

c.  A hydrazine-fueled  pressurization  subsystem  that  is  used  to  pressurize  the  fuel  cartridge 
and  expel  the  fuel  during  starter  operation. 

In  this  system  concept,  the  gas  generator  would  be  permanently  installed  in  the  breech  base  of  the 
starter.  The  fuel  cartridge  and  the  pressurization  subsystem  would  fit  in  the  removable  breech  cap. 
The  fuel  cartridge  would  be  expendable  and  replaeed  after  each  start  cycle.  The  pressurization 
subsystem  would  be  partially  expendable  requiring  the  replacement  of  a fuel/pressurant/explosive 
valve  module  after  each  start  cycle. 

The  main  gas  generator  was  assumed  to  be  capable  of  operating  through  a minimum  of  400  full 
power  starter  operating  cycles  without  maintenance.  The  gas  generator  was  a radial  flow  device 
using  Shell  405  spontaneous  catalyst  in  the  inner  bed  and  LCH-202  catalyst  in  the  outer  bed.  Fuel 
from  the  fuel  cartridge  would  be  iiyected  uniformly  over  the  innermost  porous  surface  of  the  inner 
bed  catalyst  retainer,  and  the  hot  gas  would  exit  uniformly  and  radially  through  a partially  open 
outer  catalyst  bed  retention  cylinder.  The  breech  base  would  function  as  the  pressure  vessel  to 
contain  the  hydrazine  exhaust  gas.  The  turbine  hot  gas  nozzles  In  the  starter  would  provide  the 
necessary  flow  limiting  control. 

The  fuel  cartridge  would  contain  181-in.^  of  a hydrazine-based  fuel  mix  designated  as  TSF-1 
(turbine  starter  fuel-1).  It  was  estimated  that  this  quantity  of  fuel  would  be  sufficient  to  duplicate 
the  energy  content  of  the  MXU4A/A  solid  propellant  fuel  cartridge.  The  fuel  would  be  contained  in 
a elastomeric  bladder,  and  the  bladder  would  be  packaged  in  a lightweight  plastic  shell  for 
protection  during  handling.  The  fuel  cartridge  would  interface  with  the  fuel  inlet  stem  on  the  main 
gas  generator  through  an  0-ring  sealed  fitting.  The  interface  fittir.g  on  the  fuel  cartridge  would 
include  a burst  disc  for  fuel  retention  during  handling  and  storage.  The  burst  disc  would  rupture 
during  breech  pressurization  allowing  fuel  flow  to  the  main  gas  generator.  Fuel  containment  with 
the  bladder  would  assure  that  the  starter  would  operate  in  any  attitude. 

The  pressurization  subsystem  is  shown  schematically  in  Figure  13.  A total  of  8.8  cubic  inches  of 
high  pressure  nitrogen  gas  is  contained  in  a coiled  tube  bundle  and  retained  by  a normally  closed 
explosive  valve  that  interfaces  physically  with  the  electrical  connector  in  the  breech  cap  that  is 
normally  used  to  fire  the  squib  in  the  solid  propellant  cartridge.  When  the  starter  is  operated,  the 
explosive  valve  is  fired,  releasing  the  high  pressure  nitrogen  through  a pressure  regulator  where  it  is 
then  used  to  pressurize  and  expel  11  cubic  inches  of  the  hydrazine-based  TSF-1  fuel  mixture 
through  a small  catalytic  reactor.  The  fuel  mix  is  also  stored  in  a coiled  tube  bundle;  this  technique 
will  assure  that  the  pressurization  subsystem  will  operate  in  any  physical  attitude.  The 
pressure-regulated  exhaust  products  from  the  small  catalytic  pressurization  reactor  pressurize  the 
breech,  expelling  the  fuel  from  the  fuel  cartridge  into  the  main  gas  generator. 
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When  the  fuel  supply  in  the  fuel  cartridge  is  depleted,  tlie  fuel  cartridge  to  gas  generator  interface 
fitting  is  designed  to  shuttle  and  allow  the  breech  pressurant  to  vent  through  the  main  gas  generator 
allowing  post-starter  operation  access  to  the  breech  area  for  the  leplacement  of  expendables. 

2.4.2  Predicted  Operating  Characteristics  of  the  Hydrazine-Fueled  Starter 

Considerable  insight  into  the  energy  available  for  cartridge  starter  operation  was  obtained  by 
reviewing  the  military  specification  for  the  MXU4A/A  solid  propellant  cartridge  (MIL-C-27.505B) 
and  a literature  survey  of  papers  published  by  propellant  suppliers.  The  military  specification 
established  operating  pressure  limits,  minimum  pressure  time  integrals,  and  bum  time  requirements 
for  the  solid  propellant  cartridge.  The  literature  review  defined  typical  solid  propellant  exhaust  gas 
properties  including  theoretical  gas  temperature,  molecular  weight,  composition  and  y (the  ratio  of 
Cp/Cv). 

This  information  was  used  in  conjunction  with  the  generalized  equations  available  for  impulse 
turbine  performance  analysis  and  the  known  thermochemical  performance  characteristics  for  the 
hydrazine-based  fuel  blends  selected  for  the  starter  program  to  establisli  the  operating  pressure  run 
time  and  quantities  of  expendables  required  for  the  flight  concept  preliminary  design. 

The  results  of  the  analysis  are  summarized  in  Figure  14  for  soak  temperatures  of  -65,  ambient, 
and  +160‘^F.  The  quantities  of  expendables  shown  will  theoretically  provide  hydrazine-fueled 
starter  operation  equivalent  to  that  obtained  with  the  MXU4A/A  solid  propellant  cartridge. 

2.5  PHASE  11  PROGRAM/TEST  PLAN 

The  Phase  II  program  plan  is  summarized  in  Figure  15.  The  plan  included  five  distinct  tasks  as 
follows. 

The  initial  task  involved  the  design  and  fabrication  of  the  prototype  flight  concept  gas  generator 
followed  by  component  level  testing  of  the  unit,  in  coitjunction  with  the  breadboard  fuel  supply 
system,  to  verify  the  adequacy  of  the  gas  generator  operating  characteristics  at  -65,  ambient,  and 
+ I60’^F  operating  conditions. 

Task  II  included  the  installation  of  the  univers;^!  starter  test  stand  and  the  conduct  of  multiple 
starter  test  firings  in  the  “cartridge  mode,”  at  -65,  ambient,  and  +160°F  soak  conditions  to 
determine  the  peifbftnan(^  characteristics  of  the  cartridge  starter. 

Ilte  protptype  flight  concajpl  gas  generatqr  wdul^  be  adapted  to  the  cartridge  starter,  and  the 
starter  performance  wodld  be  monitored  dpring  Task  III.  The  perfdrinance  of  the  hydrazine-fueled 
starter  would  be  compared  td  the  “cartridge  mode”  results  of  Task  Hvverifying  the  adequacy  of  the 
hydrazine  Staiter  concept  and  establishing  fuel. consumption  per  start  cycle  requirements  at  -65, 
ambient,  and  4-160t>F  operating  conditions.  Ta^  III  testing  would  then  continue  until  a minimum 
Of  20  full  power  starter  Operatiltg  cycles  btui  ^ b^^  accumulated  to  demonstrate  a limited  life 
capability  of  at  least  20  Starts  on  the  pro toty^  flight  concept  gas  generator. 


During  Task  IV,  component  level  testing  would  be  conducted  to  evaluate  the  basic  adequacy  of  the 
flight  concept  pressurization  subsystem  and  the  fuel  cartridge.  Funding  limitations  would  limit 
these  tests  to  pressurizing  reactor  performance  characterization  using  the  breadboard  fuel  supply 
system  in  place  of  the  flight  concept  coiled  tube  bundle  fuel  supply,  and  fuel  expulsion  tests  using  a 
representative  elastomeric  bladder  and  cold  nitrogen  gas  to  expel  water  from  a test  device  to  verify 
acceptable  fuel  expulsion  efficiency  with  the  proposed  fuel  cartridge  system  geometry. 

The  hydrazine-fueled  starter  would  be  operated  in  conjunction  with  the  breadboard  fuel  supply 
system  during  a formal  demonstration  as  Task  V.  The  contracting  agency  and  other  interested  user 
organizations  would  witness  this  demonstration,  which  would  be  combined  with  a formal 
presentation  of  the  Phase  I/Phase  II  program  results. 


"V"  - 
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SECTION  III 

PHASE  II  - EXPERIMENTAL  TESTING  AND  DEVELOPMENT 

This  portion  of  tite  report  describes  the  test  hardware  and  the  experimental  lest  results  associated 
with  the  feasibility  demonstration  of  the  hydrazine  fueled  starter  coiiuipt. 

3. 1 BREADBOARD  FUEL  SUPPLY  SYSTEM 

The  hydrazine-'fueled  starter  feasibility  test  program  did  not  require  the  design  and  fabrication  of 
the  complete  “in-breech”  hydrazine  fueled  gas  generating  system.  A prototype,  tlighl  concept  gas 
generator  was  fabricated  and  installed  in  the  breech  ba.se  of  the  starter,  but  the  tlight  concept  type 
fuel  cartridge  and  its  pressurization  subsystem  were  not  fabricated  due  to  the  feasibility  nature  of 
the  program.  Fuel  supply  to  the  starter  was  accomplished  with  a laboratory  type,  pre.ssure-regulated 
breadboard  fuel  supply  system  with  a capacity  of  2^1/2  gallons. 

The  breadboard  fuel  supply  system  is  shown  schematically  in  Figure  16.  The  system  consists  of  a 
2-1/2  gallon  fuel  tank,  control  valves,  tlowmcters,  and  instrumentation  to  monitor  fuel  pressure  and 
fuel  temperature.  The  breadboard  fuel  supply  system  was  mounted  in  a 2S-ft3  environmental  test 
chamber  to  allow  temperature  conditioning  of  the  fuel  supply,  prior  to  starter  operation. 

A sightglass  was  installed  in  parallel  with  the  2‘1/2'gallon  fuel  tank.  The  calibrated  sightgluss  was 
used  to  monitor  the  total  quantity  of  fuel  consumed  per  start  cycle  by  recording  the  pretest  and 
post-test  liquid  levels  in  the  unpressurized  tank.  Instantaneous  fuel  rates  were  *nonitored  with  two 
turbine  type  flowmeters. 

The  breadboard  fuel  supply  system  was  pressurized  with  high  pressure  gaseous  nitrogen  through  a 
dome-loaded  pressure  regulator. 


3,1.1  Fressurizatlon  Ramp  Generator 

Figure  17  depicts  the  fuel  pressure  versus  time  characteristics  of  the  Hight  concept  hydrazine 
starter.  At  time  zero,  the  pressurization  subsystem  would  be  initiated,  and  the  breech  pressure 
would  increase  to  the  valve  I^D  which  would  rupture  the  fuel  containment  burst  di.se  in  the  fuel 
cartridge  allowing  initial  fu^el  flow  to  the  main  gas  generator.  The  breech  pressure  and  the  pressure 
of  ^e  fuel  supplied  to^^^  t^^^^^^  would  continue  to  iitcrease  to  the  equilibrium  value 

dut|^  the  rime  ihtei^gi  dei^^  Fi|l^  17  as,  rite  preiaurization  time. 

The  fuel  outlet  bUrijt  disc  fuptute  pressure  the  steady-state  operating  pressure  level  (Pqp). 
and  the  pmssuri^ibn  rime  Tntef^  Ate  system  deiflgnrvariabte  that  can  be  varied  consistent  with 
the  pt^rmahA  requheiM^ 
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BREADBOARD  FUEL  SUPPLY  SUBSYSTEM 
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PRESSURIZATION  RAMP  GENERATOR  CONCEPT 
FUEL  PRESSURE  VS  TIME  CHARACTERISTICS 


The  breadboard  fuel  system  utilized  a pressurization  ramp  generator  to  simulate  burst  disc  rupture 
and  pressurization  rate  control  in  a meaningful  manner.  This  fy.stem  functions  as  follows: 

a.  Prior  to  firing  the  gas  generator,  the  dome  loading  regulator  was  set  to  a predetermined 
pressure  Pup,  typically  in  the  20-  to  lOO-psig  range,  EV-1  was  opened  and  the  2-1/2 
gallon  tank  pressurized  to  the  Pbd  value. 

b.  EV-1  was  then  closed,  and  the  dome  loading  regulator  was  then  set  to  the  desired 
steady-state  fuel  pre.ssure  (Preg)- 

c.  The  gas  generator  was  then  fired  by  simultaneously  opening  the  majn  propellant  control 
valve  EV-2  and  the  pressurization  control  valve  EV-1.  The  time  required  to  pressurize  the 
2- 1/2 -gallon  fuel  tank  from  the  initial  pressure  Pbd  to  the  desired  steady-state  fuel 
pressure  PQP  could  be  varied  {and  controlled)  by  presetting  the  throttle  valve  in  the 
pressurization  ramp  generator  which  in  effect  controlled  the  time  required  to  charge  the 
300-ml  cylinder  in  the  ramp  generator,  providing  a controlled  pressure  versus  time  input 
to  the  dome4oaded  regulator  which  in  turn  was  used  to  establish  the  pressure  in  the  2-1/2- 
galton  fuel  tank. 

Figures  18  and  19  are  photographs  of  the  breadboard  fuel  supply  system  and  the  25-ft3 
environmental  chainber.  ' 

3.2  SUBSCAEE  TESTING 

Initial  Phase  11  testing  was  conducted  with  a subs^ale  gas  generator  as  discussed  in  the  following 
subsections.  The  primary  objective  of  the  subscale  gas  generator  test  program  was  to  verify  the 
adequacy  of  the  proposed  design  prior  to  committing  to  the  fabri^atjon  of  the  flight  concept  (8- 
cup)  gas  generator. 

Test  objectives  included  verification  that: 

a.  The  catalyst  bed  design  was  ildequate. 

1 . Proper  bed  length 

2.  Proper  bed  loading 

3.  Mixed  catalyst  bed  approach  viable 

b.  Reliable  ignition  could  be  obtained  at -65 soak,  conditions, 

c.  Gas  generator  operation  was  stable  and  acceptable  with  candidate  ternary  fuel  blends. 

d.  Gas  generator  was  capable  of  successiyiy  meeting  the  20  full  power  starter  operating 
cycle  limited  life  requirement  without  tiefurbishmcnt. 

3.2.1  Sulwcale  Gas  Generator 

Figure  20  is  a photograph  of  the  eight-cup  prototype  flight  concept  gas  generator  assembly  which 
was  taken  after  the.  major  components  were  oveh  brazed  but  prior  to  final  assembly  and  catalyst 
loading.  The  flight  concept  gas  generator  is  an  assembly  of  eight  small  gas  generating  elements 
(cups)  arranged  in  parallel  and  fed  from  a common,,  centrally  located  fuel  supply  manifold. 
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BREADBOARD  FUEL  SUPPLY  SYSTEM 


AFTER  OVEN  BRAZING 


Prior  to  committing  to  the  fabrication  of’  the  eight-cup  prototype  fligiu  concept  gas  generator,  an 
extensive  test  program  was  conducted  with  a subscale  gas  generator  wliich  consisted  of  one  cup, 
similar  in  geometry  to  those  proposed  for  the  flight  concept  unit. 

Subscale  testing  with  the  single-cup  gas  generating  element  allowed  rapid  and  co.st -effective  design 
modifications,  reduced  the  quantity  of  fuel  required  to  evaluate  the  operating  characteristics,  and 
resulted  in  meaningful  and  reliable  test  results  that  were  not  subjected  to  scaling  effects. 


Figure  21  is  a sketch  of  the  subscale  gas  generator  that  was  utilized  to  evaluate  the  adequacy  of  the 
proposed  cup  type  gas  generating  elements  for  the  flight  concept  gas  generator.  The  m^jor  features 
of  the  subscale  gas  generator  are  as  follows. 


3.2. 1 .1  SinglcoCup  Gas  Generating  Element 

The  cup  assembly  includes  the  cup,  fuel  ityector,  catalyst,  bed  screen,  bedplate,  and  the  bedplate 
retainer.  The  geometry  of  the  single-cup  gas  generating  element  was  identical  to  that  proposed  for 
the  flight  concept  gas  generator  application  with  two  minor  exceptions: 

a.  The  overall  length  of  the  cup  was  slightly  Ipnger.  The  cup  length  downstream  of  the 
bedplate  was  extended  slightly  to  accommodate  multiple  rework  operations  that  would 
be  required  if  the  catalyst  bed  composition  or  catalyst  bed  geometry  had  to  be  changed 
during  the  subscale  evaluation  testing. 

b.  The  fuel  inlet  on  the  subscale  cup  was  located  on  the  axis  of  symmetry  of  the  cup  for 
convenience  of  adapting  a fuel  control  valve  to  the  subscale  gas  generator. 

1'hc  night  concept  gaa  generating  elements  (cups)  have  their  fuel  inlet  fittings  located  at 
right  angles  to  the  axis  of  symmetry,  to  the  cop. 

The  cup,  fuel  ii\jector,  bedplate,  and  bedplate  retaining  ring  were  fabricated  from  347  stainless  steel. 
The  injector  was  oven  brazed  to  the  cup  with  Painiro  1 braze  metal.  After  loading  a predete;  mined 
quantity  of  catalyst  into  the  cup,  the  bedplate  was  installed  and  held  in  place  by  the  bedplate 
retaining  ring.,  The  retaining  ring  to  cup  joint  was  then  .sealed  by  a continuous  melt-down  TIG  weld. 


For  the  initial  subscale  gas  generator  test  serie;’,  the  catalyst  bed  consisted  of  6.0  grams  of  25-  to 
30-mesh  granular  Shell  405  spontaneous  catalyst  loaded  into  that  portion  of  the  catalyst  bed 
immediately  adjacent  to  the  injector.  Additionally,  approximately  8.0  grams  of  a 14-  to  I8-niesh 
nonspontaneous  catalyst  designated  as  LGH-202  were  loaded  into  the  downstream  portion  of  tlie 
catalyst  bed.  The  405  and  LCH-202  catalysts  were  (isolated  from  each  other  by  means  of  a 50-mesh 
screen  fabricated  from  Haynes  25  material,  In  the  final  version  of  the  subscate  gas  generator,  tlie 
entire  catalyst  bed  Was  fljled  with  Shell  405  spontaneous  catalyst  and  the  intermediate  bed  screen 
was  eiimihated. 


It  should  be  .hoted  that  the  gas  generating  cup  element  is  not  designed  to  support  the  total  operating 
pressure  differential  (Pgas  ‘ Patmosphem)*  starter  breech  acts  as  the  structural  element  that 
carries  tlie  total  operating  pressure  differential.  The  individual  single  cup  gas  generating  elements 


44 


need  only  have  sufficient  strength  to  support  the  catalyst  bed/bedplate  pressure  drop  and  transient 
type  starting  loads  that  may  occur  during  the  inMial  flow  of  fuel  into  the  catalyst  bed  prior  to  the 
initial  pressurization  of  the  breech  base  void  volume. 

3.2. 1 .2  Subscale  Gas  Generator  Pressure  Vessel 

The  single-cup  gas  generating  element  was  contained  within  a pressure  vessel  as  shown  in  Figure  21. 
The  internal  void  volume  of  the  pressure  vessel  was  equivalent  to  1/8  of  the  void  volume  in  the 
starter  breech  with  the  flight  concept  gas  generator  assembly  installed. 

The  products  of  decomposition  of  the  hydrazine-based  fuel  mix  left  the  generator  through  an  AN 
i,  type  fitting  at  the  downstream  end.  The  single-cup  gas  generating  element  was  backpressured  by  a 

I 0.1 -inch -diameter  converging  orifice  located  in  the  exhaust  fitting.  Provisions  were  provided  for 

i monitoring  the  exhaust  gas  temperature  (Tc)  and  pressure  (Pc)  immediately  upstream  of  the 

I 0.1 -inch- diameter  throat  restriction.  The  single-cup  gas  generating  element  was  welded  to  the  aft 

I closure  to  facilitate  cup  removal  from  the  pressure  vessel.  The  aft  closure  was  adapted  to  the 

I pressure  vessel  by  a screw  thread  joint  which  was  sealed  with  an  asbestos  filled  copper  crush  ring. 

I 

I A cylindrical  heat  shield  0.015/0.020  inch  thick  was  installed  between  the  cup  and  the  inner  bore  of 

I the  pressure  vessel  to  reduce  the  heat  loss  from  the  cup  and  to  reduce  the  heating  of  the  pressure 

vessel  wall. 


3.2. 1 .3  Photographs  of  the  Subscale  Gas  Generator 

Figures  22  through  24  are  photographs  of  the  subscale  gas  generator  assembly. 

Figure  22  shows  the  complete  a.s.senibly.  The  thermocouple  plug  shown  with  the  coiled  wire  is  the 
thermocouple  that  was  used  to  monitor  the  temperature  of  the  fuel  ipjector  stem.  The  capped  AN 
fitting  centered  on  the  cylindrical  portion  of  the  pressure  vessel  was  not  used. 

The  downstream  flange  on  the  pressure  ves.sel  is  drilled  for  mounting  the  assembly  to  the  test 
fixture.  The  fuel  iiyector  interfaces  with  the  propellant  (control)  valve  through  the  O-ring  sealed 
stem. 

Figure  23  shows  the  major  elements  of  the  subscalc  gas  generator.  Left  to  right  are  the  pressure 
vessel,  cylindrical  heat  shield,  copper  crush  gasket,  and  the  assembly  of  the  single-cup  gas  generating 
element  and  the  aft  closure. 

Figure  24  shows  the  single-cup/aft  closure  assembly  as  renioved  from  the  subscale  gas  generator  and 
the  component  parts  of  the  single- cup  gas  generating  element.  Left  to  right  are  the  bedplate 
retaining  ring,  bedplate,  bed  screen  and  catalyst,  injector  screeti,  cup,  and  the  as-fired  single-cup/aft 
closure  assembly. 

Twelve  slots  were  machined  through  the  bedplate.  The  slots  provide  adequate  flow  area  for  the  hot 
gas  generated  in  the  catlayst  bed.  The  width  of  the  slots  is  such  that  the  catalyst  granules  cannot 
pass  thro  ugli  the  slots. 
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3.2.2  Subscaie  Gas  Generator  Test  Results 

The  subscaie  gas  generator  was  installed  in  the  25-ft^  environmental  test  chamber  in  conjunction 
with  the  breadboard  fuel  supply  subsystem  as  shown  in  the  photograph  of  Figure  25.  This 
arrangement  allowed  simultaneous  temperature  conditioning  of  the  fuel  supply  and  the  gas 
generator  prior  to  firing  the  subscale  gas  generator. 

Figure  26  is, a sketch  of  the  test  installation.  The  subscaie  gas  generator  was  oriented  with  the 
exhaust  nozzle  pointed  vertically  up  to  simulate  the  “as  installed”  attitude  of  the  flight  concept  gas 
generator  in  the  breech  base  of  the  STU13/A34  cartridge  starter.  The  subscale  gas  generator  and  the 
breadboard  fuel  supply  system  were  instrumented  as  shown  in  Figure  26. 

The  basic  subscale  gas  generator  test  procedure  used  throughout  this  test  series  was  as  follows: 

a.  With  the  gas  generator  installed  per  Figures  25  and  26,  the  required  soak  temperature 
was  established  in  the  environmental  test  chamber.  If  the  required  soak  temperature  was 
other  than  “local  ambient,”  the  temperature  of  the  breadboard  fuel  supply  tank  (Ttk) 
and  the  temperature  of  the  subscale  gas  generator  pressure  vessel  (Tw)  were  monitored 
continuously.  When  Ttk  and  Tw  stabilized  at  the  required  soak  temperature,  the  system 
was  maintained  at  the  required  soak  temperature  for  a minimum  of  2 hours  prior  to 
firing. 

b.  At  the  conclusion  of  the  temperature  soak  period  (if  applicable),  the  fuel  tank  was 
pressurized  to  the  desired  start  pressure  (typically  20  to  100  psig),  and  the  dome  loading 
regulator  in  the  pressurization  ramp  generator  was  adjusted  to  the  required  run  pressure 
(nominally  1 ,035  psia). 

c.  The  instrumentation  recorders  were  started,  and  the  sub.scale  gas  generator  was  fired  by 
simultaneously  opening  the  propellant  valve  (EV2)  and  the  solenoid  valve  EV)  in  the 
pressurization  ramp  generator. 

NOTE:  The  reader  .should  refer  to  paragraph  3.1  which  discusses  the  breadboard  fuel  supply 

subsystem  and  the  pressurization  ramp  generator  to  review  the  “start”  sequence. 

d.  The  subscale  gas  generator  firing  continued  for  a nominally  1 5>second  period. 

e.  At  the  conclusion  of  the  15-second  burn,  the  propellant  valve  (EV2)  was  shut  and  the 
breadboard  fuel  supply  tank  was  vented. 

3.2.2.1  Instrumentation 

All  temperatures  and  pressures  were  monitored  with  chromel-alumel  thermocouples  and  temper- 
ature compensated  strain  gauge  type  transducers  respectively.  The  output  from  these  devices  were 
continuously  recorded  on  strip  chart  and/or  oscillograph  recorders  as  summarized  in  Table  7. 

3.2.2.2  Test  Objectives 

The  basic  test  objective  of  the  subscale  gas  generator  test  series  was  to  determine  the  adequacy  of 
the  proposed  flight  concept  gas  generating  element  when  operated  in  coitjunction  with  the  mixf  J 
hydrazine- based  fuel  (TSF-1)  over  an  ambient  temperature  range  of  -65  to  +160°F.  Further,  the  gas 
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Tabic  7 

SUBSCALE  GAS  GENERATOR  INSTRUMENTATION 


Record  on 

Symbol 

Parameter 

Range 

Strip 

Chart 

Oscillograpli 

Pc 

Chamber  pressure 

0 to  1 ,500  psig 

X 

X 

Tc 

Chamber  temperature 

0 to  2,250«F 

X 

Tw 

Wall  temperature 

0 to  900»F 

X 

Ti 

Imcctor  stem  temperature 

0 to  475»F 

X 

Pi 

Injector  pressure 

0 to  1 ,500  psig 

X 

X 

ttk 

Fuel  tank  temperature 

-65  to  + 1 60«F 

X 

ptk 

Fuel  tank  pressure 

0 to  1 ,500  psig 

X 

Pf 

Fuel  pressure 

0 to  1 ,500  psig 

X 

X 

Tf 

Fuel  temperature 

-65  to+160<’F 

X 

: Wf 

Fuel  flow  rate 

0 to  0. 1 Ibm/sec 

X 

Too 

Environmental  temperature 

-65  to+l60«F 

X 

generating  element  must  be  capable  of  operating  satisfactorily  tliroiiglioiit  a limited  life 
demonstration  equivalent  to  20  full  power  starter  operating  cycles. 

3.2.2.3  Flight  Concept  Gas  Generating  Element  ~ As  Proposed 

The  “as  proposed’’  version  of  the  flight  concept  gas  generating  element  utilized  a mixed  catalyst  bed 
geometry  previously  described.  The  upper  catalyst  bed  was  loaded  with  approximately  6 grams  of 
25-  to  30-mesh  Shell  405  spontaneous  catalyst.  The  lower  bed  was  loaded  with  approximately  8 
grams  of  a nonspontaneous  catalyst  LCH-202  manufactured  by  RRC.  The  mixed  catalyst  bed 
technique  was  propo.sed  to  reduce  the  cost  of  the  catalyst  in  the  gas  generating  elements. 

3.2J.4  Test  Results 

A series  of  39  subscalo  gas  generator  test  firings  were  conducted  to  achieve  the  required  gas 
generating  element  performance  and  demonstrate  the  limited  life  capalnlity  of  the  catalyst  bed.  The 
test  results  are  disemssed  below. 

Subscale  testing  was  initiated  at  ambient  soak  conditions  with  the  “as  proposed’’  mixed  catalyst  bed 
gas  generating  element.  Five  test  firings  were  Conducted  at  ambient  soak  conditions  to  monitor  gas 
generator  operating  characteristics  such  as  chamber  pressure  level  and  stability,  ignition  character- 
istics, gas:  temperature  and  the  overall  performance  of  the  breadboard  fuel  supply  system,  and  the 
tc.st  instrumentation  and  control  subsystems.  ' 
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Tlic  low  temperature  ignition  charactcristies  of  the  mixed  catalyst  bed  reactor  were  then  evaluated 
by  conducting  multiple  start  attempts  at  0°F  soak  conditions.  These  tests  were  not  successful.  The 
mixed  catalyst  bed  design  would  not  support  ignition  at  O^^F.  A review  of  the  test  data  resulted  in 
the  conclusion  that  the  catalyst  bed  was  insufficiently  active  to  suppoit  the  low  temperature 
ignition  requirement. 

The  baseline  gas  generating  element  catalyst  bed  composition  was  changed  to  all  Shell  405  catalyst 
(25  to  30  mesh);  the.  LCH-202  cataly  was  replaced  with  Shell  405  catalyst. 

Subsequent  testing  of  the  all  Shell  405  catalyst  bed  geometry  resulted  in  successful  ignitions  at  the 
required  -65^F  soak  conditions. 

Subscale  testing  was  then  conducted  at  +160°F  soak  conditions  with  successful  results,  and  the 
subscale  gas  generator  test  program  was  then  concluded  by  accumulating  over  20  test  firings  on  the 
same  catalyst  bed  to  demonstrate  the  contractual  requirement  of  a limited  life  capability  of  at  least 
20  full  power  starter  operating  cycles. 

3.3  BASELINE  STARTER  TESTING  - CARTRIDGE  MODE 

In  order  to  determine  the  baseline  starter  performance  characteristics  for  subsequent  comparison 
with  hydrazine  operation,  a series  of  firing  tests  were  conducted  with  the  starter  operated  by  a solid 
propellant  cartridge.  To  sufficiently  map  the  performance  characteristics  of  the  starter,  a series  of 
eight  “cartridge  mode”  starter  firings  were  conducted  over  an  operational  temperature  range  that 
varied  from  >65  to  +160°F.  These  firing  tests  determined  the  starter  output  speed  versus  time 
characteristics  (for  a given  load),  as  a function  of  ambient  soak  temperature. 

The  contracting  agency  supplied  two  different  model  cartridge  starters  for  possible  use  in  the  test 
program.  Both  starters  were  of  the  cartridge-pneumatic  type.  One  starter  was  manufactured  by 
Garret,  Model  No.  STU15/A34.  The  other  starter.  Model  STU13/A34,  manufactured  by 
Sundstrand. 

The  Sundstrand  starter  was  selected  for  the  hydrazine  starter  feasibility  test  program  because  of  its 
aerodynamic  braking  featuie  which  would  prevent  overspeed  starter  damage  in  the  event  of  any 
unforeseen  loss  of  control  in  the  breadboard  fuel  supply  system  during  hydrazine  mode  starter 
testing.  This  starter,  S/N  650,  had  been  overhauled  and  released  as  serviceable  by  ALC/San  Antonio 
on  July  14,  1975.  This  starter  utilized  a standard  8-pound  solid  propellant  cartridge  of  the  MXU4/.A 
or  MXU4A/A  designation  for  cartridge  mode  operation. 

3.3.1  Starter  Test  Stand 

Starter  output  speed  versus  time  operating  characteristics  were  monitored  with  a government- 
furnished  universal  starter  test  stand,  P/N  53E36-44D,  Federal  Stock  No.  4920-803-7035, 
manufactured  by  Bendix.  The  test  stand  is  a semiportable,  self-contained  unit  that  includes  ah  f 
the  equipment  necessary  to  test  a broad  range  of  fuel-air,  cartridge  or  pneumatic  starters. 


The  primary  component  of  interest  in  the  universal  starter  test  staiul  is  tlie  provision  for  loading,  the 
cartridge  starter  by  means  of  an  inertial  wheel  system  to  simulate  a jet  engine  starting  load.  The 
effective  inertia  of  the  starter  load  is  13,7  .slug  ft2.  The  inertia  wheel  is  equipped  with  a tachometer 
for  monitoring  flywheel  (starter  output  shaft)  speed. 

The  technical  order  for  the  universal  starter  test  stand  (T.O.  3304-6-169-1)  contained  detailed 
instructions  for  the  installation  and  checkout  of  the  test  stand  prior  to  use.  rime  to  terminal  speed 
curves  for  various  starter  configurations  were  also  presented  for  accept/rejeci  criteria  for  starters  to 
be  tested  on  the  universal  starter  test  stand.  The  time  to  terminal  speed  curve  for  the  STU13/A34 
starter,  from  the  reference  T.O. , is  shown  in  Figure  27.  , 

For  acceptable  starter  performance,  the  starter  terminal  .speed  must  be  on  or  lo  the  right  of  the  line 
shown.  Minimum  terminal  speed  was  not  defined,  nor  was  there  any  iieference  to  the  range  of 
ambient  soak  temperature  allowable,  although  the  allowable  operaling  temperature  range  for  the 
test  stand  itself  was  listed  as  +40  to  + 1 30op. 

Figure  28  is  a photograph  of  the  STU13/A34  eartridge  starter  instailecj  on  the  appropriate  test 
pad  on  the  universal  starter  test  stand.  It  should  be  noted  that  this  particular  starter  mounts  such 
that  the  cartridge  breech  is  oriented  vertically  down.  The  exhaust  ducting; is  a«  a^senibly  of 
“accessory”  items  available  for  the  universal  test  stand.  ' . 

i 

Table  8 depicts  the  testing  sequence  for  the  eight  shot  cartridge  mode  baseline  starter  perfqrmance 
test  series.  Also  shown  are  the  applicable  RRC  test  run  numbers  and  the  ambient  soak  temperature 
of  the  starter  and  the  solid  propellant  cartridge  prior  to  firing.  The  entire  eight  run  series  utilized 
MXU4A/A  cartridges  manufactured  by  Talley  in  the  February,  May,  or  June  1967  time  frame. 


Table  8 

CARTRIDGE  MODE  TEST  SUMMARY 


Test 

Sequence 

Number 

RRC 

Run 

Number 

Ambient 

Soak 

Temperature,  °F 

Talley  Cartridge 

Mfg  Date 

Lot  Number 

1 

40 

+55 

6-67 

Tl-2-128 

2 , 

, 41 

+55 

6-67 

Tl-2-128 

3 

42 

+55 

6-67 

Tl-2-128 

4 

43 

+160 

2-67 

TI-1-198 

5 

44 

+160 

2-67 

TI-l-198 

6 

45 

-65 

2-67 

Tl-1-198 

7 

46 

-65 

2-67 

Tl-1-198 

8 

47 

+55 

5-67 

TI-2-98 

55 


The  test  setup  for  the  ci'ilfidge  tost  firings  is  shown  in  Figure  2‘T  The  basic  test  setup  induciecl  t)ie 
startt\r,  the  universal  starter  test  stand,  and  a 25-ft-^  enviionmeiual  chamber  tliat  was  utilized  to 
temperature  condition  the  starter  and  its  solid  propellant  cartridge  prior  to  testing  at  the  -65  and 
+ 160^F  test  conditions. 

The  starter  was  instrumented  as  shown  in  Figure  29.  Two  pressures  were  measured  with 
temperature  compensated  strain  gauge  type  transducers,  the  breech  prc.ssure  Pc,  and  the  exhaust 
duct  pressure  Pex-  Five  temperatures  were  monitored  with  chromel/ahimel  thermocouples;  the 
temperature  of  the  solid  propellant  gas  in  the  breech,  Tc,  the  exhaust  gas  temperature  immediately 
downstream  of  the  starter  exhaust  flange  Tex.  three  external  starter  skin  temperatures  Tb,  Tw. 
and  Tm-  Tb  is  the  temperature  of  the  breech  base  at  a point  near  the  manifold  joint  that  connects 
the  breech  to  the  turbine  hot  gas  nozKles.  Tw  is  the  temperature  of  the  cartridge  breech  cap.  and 
Tm  is  the  temperature  of  the  starter  manifold  immediately  adjacent  to,  the  hot  gas  nozzle  block  just 
upstream  of  the  turbine  wlieel. 

The  universal  starter  test  stand  was  equipped  with  a magnetic  pickup  on  the  flywlieel  for 
monitoring  flywheel  speed.  The  pulsing  signal  from  the  magnet  was  converted  to  an  analog  voltage 
output,  and  a panel  meter  was  available  for  monitoring  • flywheel  speed.  Rocket  Research 
Corporation  recorded  the  analog  signal  (N)  remotely  on  a strip  chart  recorder  to  obtain  permanent 
recordings  of  flywheel  speed  versus  time. 

As  noted,  the  operational  temperature  range  for  the  universal  starter  test  stand  was  listed  in  the 
T.O.  as  +40  to  +130°F.  Since  it  was  required  to  operate  the  cartridge  starter  at  temperature 
extremis  considerably  beyond  the.se  limits  (i.e.,  -65  and  +1609F),  the  tests  were  conducted  by 
removing  the  starter  from  the  universal  test  stand  and  temperature  conditioning  the  starter  and  the 
solid  propellant  cartridge  in  a remote  environmental  chamber  prior  to  conducting  the  test. 

The  breech  cap  was  removed  from  the  starter.  The  .starter,  breech  cap,  and  solid  propellant  cartridge 
were  then  installed  in  the  environmental  chamber.  Thermocouples  were  attached  to  these  three 
components,  and  the  temperature  of  the  environmental  chamber  was  adjusted  to  the  desired  test 
level.  The  component  thermocouples  were  then  monitored.  The  components  remained  in  the 
environmertal  chamber  for  at  least  4 hours  subsequent  to  indicated  temperature  stabilization  at  the 
required  soak  temperature. 

The  starter  was  then  removed  from  the  environmental  chamber  and  installed  on  the  test  pad  of  the 
universal  test  stand,  This  operation  involved  moving  the  starter  approximately  6 feet  from  tlie 
environmental  chamber  to  the  test  stand,  liistalling  a Marmon  clamp  at  the  starter/stand  mounting 
pad,  installing  a Marmon  dump  at  the  startcr/exHaust  duct  joint,  attaching  the  Pc  transducei,  and 
connecting  three  thermocouple  plugs  Tc,  Tb,  and  Tm-  This  operation  took  approximately  2 to  3 
minutes. 

The  solid  propellant  cartridge  was  then  installed  in  the  starter  breech  cap,  and  the  resultant 
assembly  was  removed  from  the  environmental  chamber  and  installed  on  the  starter  breecli  base. 
The  ignitor  power  and  breech  wall  thermocouple  (Tw)  plugs  were  connected,  and  the  starter  was 
operated  within  the  next  60  to  90  seconds. 


The  starter  turbine  wired  was  cleaned  after  cacli  starter  operating  cycle  by  blowing  a mixture  of 
compressed  air  and  hot  water  through  the  pneumatic  air  supply  inlet  fitting  on  the  starter,  followed 
by  oven  drying. 

The  effectiveness  of  this  cleaning  technique  was  apparently  adequate  since  the  test  results  of  the 
eighth  starter  firing  were  in  excellent  agreement  with  the  first  starter  firing,  and  both  of  these  tests 
were  conducted  at  an  ambient  soak  temperature  of +55'^F. 

3.3.2  Test  Results 

The^^  priniary  starter  performance  data  of  interest  from  the  cartridge  firings  was  '.ne  terminal  .speed 
of  the  starter  output  .shaft  (flywlieel  speed),  the  time  required  to  reach  terminal  speed,  and  the 
manney  in  wliich  these  parameters  varied  with  ambient  soak  temperature.  The.se  test  results  are 
plotted  iyi  Figure  30. , 

Referring  to  Figure  30,  it  is  noted  that  the  time  to  terminal  speed  increased  as  the  ambient 
temperature  decreased.  This  trend  and  the  times  involved  were  comsistent  with  the  anticipated  test 
results. 

The  trend  of  increasing  terminal  speed  with  decreasing  ambient  temperature  was  directly  opposite 
to  the  anticipated  vest  results, 

It  is  interesting  to  compare  the  test  results  at  +55^F(Sequences  1, 2,  3,  and  8)  with  the  accept/reject 
criteria  from  tlie  universal  starter  stand  T.O.,  Figure  27.  Sequences  1,  2,  and  8 are  acceptable; 
Sequence  3 indicates  substandard  starter  performance. 

Figures  31  through  33  are  overlay  tracings  of  the  flywheel  time/speed  and  breech  pre.ssure  versus 
time  recordings  for  typical  test  runs  from  the  “cartridge  mode”  baseline  test  series  at  temperatures 
of  +55,  +160,  and  -65^’F  respectively.  Each  figure  also  includes  the  total  value  of  the  breech 
pressure,  time  inte,i.Mi  from  ignition  to  burnout,  and  the  average  value  of  the  breech  pressure  from 
ignition  to  the  time  to  terminal  speed. 

Figure  34  is  an  overlay  tracing  of  the  major  parameters  recorded  during  test  Sequence  2 (run  41  at 
ambient  soak  conditions).  Figure  34  shows  the  relationship  between  breech  prc.ssure  (Pc),  starter 
speed  (N),  gas  temperature  in  the  breech  (Tc),  turbine  exliaust  gas  temperature  (Tex), 
turbine  exhaust  duct  static  pressure  (Pex)  durbh;  a typical  cartridge  mode  starter  operating 
sequence. 

The  peak  gas  temperature  (Tc)  measured  in  the  cartridge  breech  during  run  41  was  1,887°F;  the 
maximum  gas  temperature  noted  during  the  eight  run  test  series  was  2,222‘^F  (run  44)  at  an 
ambient  soak  temperature  of  + 160°F. 

The  peak  exhaust  g'>s  temperature  (Tex)  measured  during  run  41  was  905°F.  It  is  noted  that  the 
peak  occurs  relatively  early  in  the  start  sequence,  then  the  exhaust  gas  temperature  drops.  Tliis 
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characteristic  is^ittributed  to  increased  power  extraction  from  the  exhaust  gas  as  the  turbine 
efficiency  increases  during  the  later  portion  of  the  flywheel  spin-up.  The  maximum  exhaust  gas 
temperature  measured  during  the  eight  run  test  series  was  1.480°F  (run  44)  at  an  ambient  soak 
temperature  of  + l60^F. 

The  static  pressure  in  the  exhaust  duct  (Pex)  peaked  at  0.72  psig  during  run  41.  The  exhaust  duct 
pressure  was  typically  noted  in  the  0.7-  to  1 .0-psig  range  for  all  starter  tests. 

3.3.3  Discussion  of  Test  Results 

As  noted  in  the  previous  section,  the  maximum  flywheel  terniinal  speeds  were  recorded  at  -65^F 
test  conditions.  A review  of  the  test  data  reveals  no  particular  correlation  between  terminal  flywheel 
speed  and  either  the  average  value  of  the  breech  pressure  (Pc)  or  the  time  iiitegral  of  breech  pressure 
</Pcd0). 


As  shown  in  Figure  35,  there  is  a definite  trend  toward  decreasing  average  chamber  pressure, 
terminal  fly v/ heel  speed,  and  the  pressure  time  integral  when  these  parameters  are  nondimension- 
alized  and  plotted  against  ambient  soak  temperature.  It  is  concluded  that  the  terminal  speed  of  the 
STU13/A34  starter,  as  tested,  is  strongly  influenced  by  the  operation  of  the  pressure  relief  valve 
that  is  located  between  the  starter  breech  and  the  starter  turbine  nozzle  block.  It  appears  that  this 
valve  bypasses  ever  increasing  amounts  of  breech  gas  around  the  turbine  nozzle  block  as  the  ambient 
soak  temperature  (prior  to  starter  operation)  is  increased. 

Starter  operatioti  in  the  “cartridge-mode”  resulted  in  the  formation  of  a large  cloud  of  black  smoke. 
Figures  36  and  37  arc  sequential  photographs  of  the  smoke  cloud  taken  approximately  2 seconds 
and  10  seconds,  respectively,  after  starter  initiation  during  run  43  (Sequence  3).  The  exhaust  duct  is 
10  inches  in  diameter,  discharging  vertically-up. 

After  the  completion  of  all  scheduled  Phase  II  testing,  RRC  conducted  a 12  run  “cartridge-mode” 
starter  firing  test  series  at  ambient  soak  temperature  conditions  to  allow  AFRPL  personnel  to 
sample  the  starter  exhaust  products  for  exhaust  gas  composition  analysis. 


Specific  details  of  this  test  series  and  the  results  of  the  exhaust  gas  analysis  are  the  subject  of  an 
official  report  prepared  and  distributed  separately  by  the  AFRPL  organization. 


For  the  p'urpose  of  this  report,  the  1 2 run  test  series  provides  additional  test  data  on  the  operating 
characteristics  of  the  STU13/A34  starter  in  the  cartridge  mode  at  ambient  soak  temperature 
conditions. 


In  gross  terms,  the  12  run  AFRPL  test  series  resulted  in  ambient,  temperature  “cartridge-mode” 
starter  performance  that  was  consistent  with  the  results  obtained  during  RRC’s  previous  baseline 
star/ter  test  series. 


It  should  be  noted  that  the  AFRPL  test  series  was  conducted  with  the  same  cartridge  starter  that 
had  been  used  to  accumulate  eight  baseline  “cartridge-mode”  firings  and  32  hydrazine-fueled  starter 
operating  cycles. 
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CARTRIDGE  STARTER  EXHAUST 


The  cartridges  used  during  the  AFRPL  tests  were  as  follows: 

a.  Runs  90  through  93,  Olin,  Lot  OL-1 0-237,  manufactured  May  1967 

b.  Runs  94  through  97,  Olin,  Lot  OL-1 3-46,  manufactured  September  1973 

c.  Runs  98  through  101,  Talley,  Lot  TI-2-98,  manufactured  May  1967 

Typical  starter  performance  with  each  of  the  above  solid  propellant  cartridge  lots  is  summarized  in 
Figures  38  through  40.  The  Talley  cartridges  resulted  in  an  average  terminal  starter  speed  tiiat 
was  slightly  higher  than  the  Olin  cartridge  (2,918  versus  3,033  rpm).  Additionally,  it  was  noted  that 
the  Talley  cartridge  produced  more  smoke  in  the  exhaust  than  either  of  the  Olin  cartridge  lots.  The 
September  1973  lot  of  Olin  cartridges  appeared  to  be  the  least  smoky  of  the  three  cartridge  lots 
fired. 


3.4  HYDRAZINE  STARTER  TESTING 

This  section  describes  the  flight  concept  version  of  the  gas  generator,  its  installation  into  the  breech 
base  of  the  STU13/A34  starter,  and  the  test  program  that  was  sub.sequently  conducted  to 
characterize  the  operation  of  the  hydrazine  fueled  starter, 

3.4. 1 Gas  Generator  Design 

Figures  41  through  44  are  photographs  of  the  flight  conce^>t  type  gas  generator  that  was  fabricated 
for  evaluation  on  the  current  program. 

Figure  44  is  a photograph  of  the  flight  concept  gas  generator  assembly  taken  prior  to  the  final 
assembly  of  the  unit.  The  figure  shows  the  “as  received”  configuration  after  oven  brazing.  All  braze 
joints  were  made  during  one  oven  braze  cycle,  i.e.,  the  eight  individual  cups  were  brazed  to  the 
baseplate,  eight  penetrating  injector  tubes  were  brazed  into  the  eight  cups,  and  the  16  joints  on  the 
eight  fuel  manifolding  tubes  were  all  brazed  simultaneously  and  successfully  without  special  tooling 
or  fixturing.  The  material  of  all  component  parts  was  347  series  stainless  steel.  The  braze  material 
was  Palniro  1. 

Figure  42  is  the  back  side  of  the  flight  concept  gas  generator  assembly  shown  in  Figure  4 1 . The  fuel 
inlet  stub  js  located  on  the  axis  of  symmetry.  The  eight  holes  noted  at  mid-span  in  the  baseplate  are 
the  pilot  mounting  holes  for  the  cups. 

Figure  43  is  a photograph  of  the  unit  after  the  catalyst  was  loaded  into  the  eight  gas  generating 
elements  (cups).  The  catalyst  bed  and  catalyst  retaining  bedplates  have  been  installed,  and  the 
closure  plug  has  been  welded  into  the  fuel  manifold  cavity. 

Figure  44  shows  the  unit  completely  assembled  with  the  central  and  peripheral  heat  shields 
installed.  The  central  heat  shield  is  a slotted,  inverted  can  structure  that  protects  the  individual  fuel 
manifolding  tubes  from  the  direct  impingement  of  the  hot  gas  generated  from  the  eight  gas 
generating  elements.  The  peripheral  heat  shield  is  a cylindrical  shell  that  reduces  the  heat  load  into 
the  starter  breech  shell  immediately  opposite  each  of  the  eight  cups. 
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Figur*  44 


The  fliglit  concept  type  gas  generator  assembly  was  adapted  to  tlie  breecli  base  of  the  STU13/A34 
cartridge  starter  as  shown  in  Figures  45  through  48. 

Figure  45  is  a pliotograpli  ot  the  STU13/A34  cartridge  starter,  flight  concept  gas  generator  and 
the  gas  generator  installation  adapters  prior  to  assembly.  Left  to  right  are  the  starter  with  its  breech 
cap  removed  to  show  the  breech  base,  the  eight-cup  flight  concept  gas  generator,  a sealing  adapter, 
and  the  breech  lock  propellant  valve  adapter. 

Figure  46  shows  the  flight  concept  vas  generator  installed  in  the  starter  breech  base.  The  coiled 
wire  and  plug  on  the  fuel  inlet  side  of  the  gas  generator  is  a thermocouple  that  is  used  to  monitor 
the  temperature  of  the  injector  stem  of  the  gas  generator  during  test. 

Figure  47  shows  the  sealing  adapter  installed  on  top  of  the  gas  generator.  The  seal  plate  has  two 
face  seals  (0-rings)  thai  seat  on  the  fuel  inlet  side  of  the  flight  concept  gas  generator,  additionally, 
two  peripheral  seals  (0-rings)  scat  on  the  I.D.  bore  of  the  breech  ba.se.  The  eight  tapped  holes  near 
the  maximum  diametral  surface  of  the  sealing  adapter  are  used  to  insert  one  or  more  bolts  to  allow 
seal  adapter  removal  for  acces'i  to  the  flight  concept  gas  generator. 

Figure  48  shows  the  final  step  in  the  installation  process  for  the  flight  concept  gas  generator.  The 
breech  locking  adopter  plave  interfaces  with  the  starter  breech  through  three  lugs.  The  locking 
adapter  is  installed  on  top  of  the  sealing  adapter  and  rotated  into  the  breech  lug  feature  (a  handle  is 
provided  to  rotate  the  locking  adapter  against  the  compression  drag  of  the  sealing  adapter  face 
seals),  a set  screw  is  provided  to  prevent  the  locking  plate  from  rotating  during  starter  testing.  The 
locking  plate  includes  mounting  provisions  for  the  propellant  valve  which  adapts  to  the  fuel  inlet 
stub  on  the  flight  concept  gas  generator  through  an  0-ring  sealed  bayonet-type  fitting. 

The  sealing  adapter,  breech  locking  adapter,  and  the  propellant  valve  are  required  for  breadboard 
starter  testing  and  would  not  be  used  in  the  flight  concept  “in-breech”  flight  system. 

3.4.2  Hydrazine  Starter  Fuel  Consumption  and  Limited  Life  Demonstration 

The  eight  cup,  flight  concept  gas  generator  was  installed  in  the  breech  base  of  the  Sundstrand 
STU13/A34  starter  as  discussed  in  paragraph  3.4.1  and  tested  in  coi\junction  with  the  breadboard 
fuel  supply  system  (paragraph  3 1)  and  the  government-furnished  universal  test  stand,  as  described 
in  this  subsection. 

Fuel  consumption  testing  and  the  requirement  to  demonstrate  a limited  life  capability  of  the  flight 
concept  gas  generator  were  combined  in  the  32  full  power  hydrazine  fueled  starter  tests  described 
herein. 

3.4.2. 1 Hydrazine  Starter  Test  Setup 

Figure  49  is  a photograph  of  the  hydrazine  fueled  starter  installation  on  run  pad  of  the  universal 
starter  test  stand. 
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i M»rTm»rTr“ril^)^r 


HYDRAZINE  FUELED  STARTER  INSTALLED  ON  UNIVERSAL  STARTER  TEST  STAND 


The  niglit  concept  gas  generator  is  installed  in  the  breech  base  of  the  STU13/A;U  cartridge  starter. 
Fuel  is  supplied  to  the  gas  generator  from  the  breadboard  fuel  supply  subsystem  through  the  steel 
braid  covered  Ilex  hose  that  can  be  seen  pa.ssing  behind  and  under  the  "C”  shaped  exhaust  duct  that 
is  attached  to  the  fan  cover  on  the  starter. 

The  large  stainless  tank  and  pressure  gauge  in  the  left  hand  portion  of  Figure  49  are  part  of  the 
exhaust  gas  sampling  apparatus  (gas  .sampling  is  discussed  in  subsection  3.4.3  of  this  report).  Three 
pressure  transducers  can  be  seen;  the  transducer  at  the  10  o’clock  position  (relative  to  the  starter 
breech  at  6 o’clock)  is  used  to  monitor  the  starter  exhaust  duct  pressure  Pex-  The  transducer  at  the 
4 o’clock  position  measures  the  pressure  in  the  breech  (Pc),  and  the  transducer  at  the  7 o’clock 
position  is  used  to  monitor  the  fuel  pressure  immediately  upstrea  ,i  of  the  fuel  inlet  stub  on  the 
flight  concept  gas  generator. 

Figure  SO  is  a sketch  of  the  hydrazine  fueled  starter  test  .setup.  Major  elements  of  the  setup  include 
the  flight  concept  gas  generator/starter  assembly,  the  universal  starter  test  stand,  and  the 
breadboard  fuel  supply  subsystem. 

For  temperature-conditioned  starter  runs  at  -65  and  +I60“F  soak  conditions,  the  starter  was 
removed  from  the  test  pad  on  the  universal  starter  test  stand  and  placed  in  the  environmental  test 
chamber.  The  flight  concept  gas  generator  was  then  removed  from  the  starter  breech  but  remained 
in  the  environmental  test  chamber  with  its  fuel  supply  flex  hose  connected  to  the  breadboard  fuel 
supply.  The  flex  hose  was  charged  with  fuel  up  to  the  propellant  valve.  The  breadboard  fuel  supply, 
starter,  and  the  flight  concept  gas  generator  were  maintained  at  the  required  test  temperature  for  at 
least  4 hours  after  Ti,  Tm,  and  TtK  uniformly  indicated  that  the  required  soak  temperature  had 
been  reached.  The  starter  was  then  removed  from  the  environmental  test  chamber  and  installed  on 
the  test  pad  of  the  universal  starter  test  stand  (two  marmon  clamp  joints)  and  the  instrument  leads 
connected.  The  gas  generator  assembly  was  then  removed  from  the  environmental  test  chamber  and 
installed  in  the  starter  breech,  Pi  and  Tj  instrument  plugs  were  connected,  and  the  starter  was 
operated  within  the  next  60  to  90  seconds. 

3.4.2.2  Instrumentation 

All  temperatures  and  pressures  were  monitored  with  chromel  alumel  thermocouples  and 
temperature-compensated  strain  gauge  type  transducers  respectively.  The  output  from  these  devices 
was  continuously  recorded  with  strip  chart  and/or  oscillograph  recorders  as  summarized  in  Table  9. 

3.4.2.3  Test  Procedure 

Prior  to  conducting  each  start  sequence,  the  fuel  tank  in  the  breadboard  fuel  supply  subsystem  was 
filled  with  the  hydrazine-based  fuel  mix,  and  the  fuel  level  and  fuel  temperature  in  the 
unpressurized  fuel  tank  were  recorded. 

The  ^breadboard  fuel  supply  subsystem  and  the  flight  concept  gas  generator/starter  assembly  were 
then  temperature  conditioned  (for  -65  and  +160^F  firings  only)  as/if  required. 
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Table  9 

HYDRAZINE  FUELED  STARTER  INSTRUMENTATION 


Recortl  on 

Symbol 

Parameter 

Range 

Strip 

Chart 

Oscillograph 

Pc 

Breech  pressure 

0 to  1 ,500  psig 

X 

X 

Tc 

Breech  temperature 

0 to  2,250‘^F 

X 

Ti 

liyector  stem  temperature 

-65  to  +475«F 

X 

Pi 

Injector  pressure 

0 to  1 ,500  psig 

X 

X 

ptk 

Fuel  tank  pressure 

0 to  1,500  psig 

X 

Pf 

Fuel  line  pressure 

0 to  1 ,500  psig 

X 

X 

ttk 

Fuel  tank  temperature 

-65  to+160OF 

X 

Tf 

Fuel  line  temperature 

-65  to+160OF 

X 

Toe 

Environmental  chbr  temp 

-65  to  +1600  F 

X 

Pex 

Starter  exhaust  pressure 

0 to  1 5 psig 

X 

Tex 

Starter  exhaust  temperature 

0 to  905 OF 

X 

N 

Starter  speed 

0 to  5,000  rpm 

X 

X 

ve&  Vi 

Prop  valve  voltage/current 

0 to  1 inch  deflect 

X 

Wf 

Fuel  How  rate 

0 to  0.5  Ibm/sec 

X 

Tin 

Starter  manifold  temperature 

0 to  47  5 OF 

X 

The  hydrazine-fueled  starter  assembly  was  then  installed  on  the  test  pad  of  the  univeisal  starter  test 
stand.  The  exhaust  system  and  all  instrumentation  leads  were  connected,  and  the  unit  was  ready  for 
test. 

The  fuel  tank  was  pressurized  to  the  required  start  pressure  (typically  20  to  100  psig).  The  dome 
loading  regulator  in  the  pressurization  ramp  generator  was  set  to  the  required  run  pressure 
(nominally  1 ,250  psig). 

The  instrumentation  recorders  were  started,  and  the  hydrazine-fueled  starter  was  operated  by 
simultaneously  opening  the  propellant  valve  (EV2)  and  the  solenoid  valve  (EV))  in  the 
pressurization  ramp  generator. 

As  a general  rule,  the  firing  was  terminated  when  the  starter  (flywheel)  speed  reached  a 
predetermined  value.  The  firing  was  terminated  by  closing  the  propellant  control  valve.  EV2.  The 
maximum  terminal  speed  of  particular  interest  was  the  average  value  of  the  test  results  obtained  (at 
the  applicable  operating  temperature)  during  the  baseline  “cartridge-mode”  starter  performance 
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tests  (see  Figure  30,  paragraph  3.3).  The  nominal  terminal  speeds  were  3,070  rpm  at  -6.S”F,  2,050 
rpm  at  +55op,  and  2,790  rpm  at  +160<-^F. 

The  flywheel  was  allowed  to  spin-down  to  approximately  2,000  rpm  after  each  starter  operating 
cycle,  and  then  the  flywheel  brake  was  applied. 

The  fuel  tank  was  vented  and  allowed  to  temperature  .soak  back  to  local  ambient  temperature.  The 
post-test  fuel  level  and  fuel  temperature  were  then  recorded,  and  the  total  fuel  consumption/start 
cycle  was  calculated  using  the  sightglass  data  and  the  known  density  of  the  fuel  mix. 

3.4.2.4  Test  Results 

Thirty-two  full-power  hydrazine  starter  operating  cycles  were  conducted,  20  at  ambient  soak 
temperature  conditions,  7 at  -65^F,  and  5 at  +160^F.  Table  10  is  a summary  of  the  32-run  test 
series.  All  tests  conducted  were  totally  successful. 

Figures  51,  52,  and  53  are  representative  tracings  of  the  breech  pressure  and  starter  output  .shaft 
speed  versus  run  time  for  starter  operating  cycles  at  -65,  ambient,  and  -rlbO^^F  .soak  conditions 
with  the  TSF-2  fuel  blend.  Each  figure  denotes  the  run  number,  pretest  soak  temperature,  the 
time-averaged  value  of  the  starter  breech  pressure  Pc,  and  the  total  value  of  the  breech  pressure-time 
integral  from  the  first  indication  of  pressure  to  shutdown  (maximum  flywheel  speed). 

Figure  54  is  an  overlay  tracing  of  the  major  parameters  recorded  during  a typical  hydrazine-fueled 
starter  test  (run  62  at  ambient  soak  conditions).  Figure  54  shows  the  relation.sliip  between  breech 
pressure  (Pc),  starter  speed  (N),  gas  temperature  in  the  breech  (Tc),  turbine  exhaust  temperature 
(Tex),  itnd  the  static  pressure  in  the  starter  exhaust  duct. 

The  peak  gas  temperature  (Tc)  measured  in  the  cartridge  breech  during  run  62  was  1,580°F.  (Peak 
gas  temperatures  with  TSF-1  fuel  mix  were  noted  to  be  in  the  1,600  ± 50“F  range  over  the  entire 
■65  to  +160°F  operating  regime.  Peak  gas  temperatures  with  the  TSF-2  mix  were  in  the  1,700  ± 
25°F  range.) 

The  peak  exhaust  gas  temperature  (Tex)  measured  during  run  62  was  895°F.  (Peak  exhaust  gas 
temperatures  with  the  TSF-1  fuel  mix  were  noted  to  be  in  the  900  ± 50®F  range  over  the  entire  -65 
to  +160°F  operating  regime.  Peak  exhaust  gas  temperatures  with  the  TSF-2  fuel  mix  were  in  the 
950  ± 50°F  range.)  The  shape  of  the  exhaust  temperature  versus  time  curve  is  similar  to  that  noted 
during  the  baseline  starter  operation  in  the  “cartridge-mode,”  indicating  increased  power  extraction 
from  the  working  fluid  during  the  later  portion  of  the  starter  spin-up. 

3.4.2.4.1  Starter  Fuel  Consumption  Testing 

The  net  volume  available  within  the  flight  concept  preliminary  design  breech  envelope  (RRC 
drawing  SK  5585,  Rev.  A)  for  the  fuel  cartridge  and  the  pressurization  subsystem  is  on  the  order  of 
225  in. 3.  During  the  Phase  I preliminary  design  studies,  it  was  estimated  that  the  worst-case  fuel 
consumption  (-65°F  start)  would  require  6.86  Ibm  of  TSF-1  fuel.  The  space  required  to  package 
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Table  10 

TEST  SUMMARY 

HYDRAZINE  FUELED  STARTER  TEST  PROGRAM 


RRC 
Run 
, No. 

Ambient 

Soak 

Temp 

— 

Type  ol  Test 

Fuel  Mix 

Limited 

Life 

Demo 

Exhaust 

Gas 

Sampling 

Starter 

Performance 

TSF-1 

TSF-2 

49 

A mb 

X 

X 

X 

50 

A mb 

X 

X 

X 

51 

Amb 

X 

X 

X 

52 

Amb 

X 

X 

X 

53 

Amb 

X 

X 

X 

54 

-65«F 

X 

X 

X 

55 

Amb 

X 

X 

X 

50 

Amb 

X 

X 

X 

57 

Amb 

X 

X 

X 

58 

Amb 

X 

X 

X 

59 

Amb 

X 

X 

X 

60 

Amb 

X 

X 

X 

61 

Amb 

X 

X 

X 

X 

62 

Amb 

X 

X 

X 

X 

63 

Amb 

X 

X 

X 

X 

64 

Amb 

X 

X 

X 

X 

66 

-65«F 

X 

X 

X 

X 

74 

Amb 

X 

X 

X 

X 

75 

Amb 

X 

X 

X 

X 

76 

+160OF 

X 

X 

X 

X 

77 

+ 1 60«F 

X 

X 

X 

X 

78 

-65  «F 

X 

X 

X 

X 

79 

Amb 

X 

X 

X 

X 

80 

-65  op 

X 

X 

X 

X 

82 

Amb 

X 

X 

X 

83 

Amb 

X 

X 

X 

84 

-65«F 

X 

X 

V 

85 

-65  op 

X 

X 

X 

86 

-65  op 

X 

X 

X 

87 

+160OF 

X 

X 

X 

88 

+160OF 

X 

X 

X 

89 

+16QOF 

X 

■ 

X 

X 

88 


FLYWHEEL  SPEED  - RPM 


BREECH  PRESSURE 


FLYWHEEL  SPEED  - RPM 


STARTER  PERFORMANCE  HYDRAZINE  MODE 


RUN  87 
+160OF 

HYDRAZINE  MODE 
(TSF-2) 

Pc  • 837  piig 
/Pcd0  ■ 1 3,402  psMec 


TIME  > SECONDS 
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FLYWHEEL  SPEED 


this  quantity  of  fuel  would  be  181  in. 3 at  the  minimum  fuel  density  condition,  which  occurs  at  the 
+ 160®F  soak  temperature.  The  remaining  44  in. 3 of  breech  volume  would  tlien  he  available  for  the 
hot  gas  pressurization  subsystem  that  would  be  used  to  pressurize  and  expel  the  fuel  from  the  fuel 
cartridge. 

Hydrazine  starter  fuel  consumption  testing  was  subsequently  conducted  with  both  candidate  fuel 
mixes  (TSF-1  and  TSF-2)  over  the  required  operating  temperature  extremes  of  -b5  to  +1  The 
results  from  these  tests  are  summarized  in  Table  1 1 and  discussed  below. 

3.4.2.4.1.1  TSF-1  Fuel  Consumption 

The  first  hydrazine-fueled  starter  test,  run  49,  required  7.86  Ibm  of  fuel  to  duplicate  the 
“cartridge-mode”  starter  performance  at  ambient  temperature  soak  conditions.  Run  49  chamber 
pressure  data  indicated  that  the  starter  relief  valve  had  opened  during  the  test,  bypas.sing  a portii)ii 
of  the  hot  gas  around  the  turbine  nozzles,  effectively  increasing  the  fuel  consumption  above  tin 
minimum  obtainable  value.  The  starter  relief  valve  spring  pressure  was  increased  to  prevent  the  valve 
from  opening,  and  the  test  was  repeated.  The  fuel  consumption  was  reduced  from  7.86  to  7, .38  Ibm 
(run  50). 

Runs  51  and  52  were  conducted  at  fuel  supply  pre.ssures  100  psi  lower  and  higher  than  the  nominal 
value  of  1,250  psi  to  determine  the  probable  optimum  operating  pressure  requirement.  Both  tests 
resulted  in  higher  fuel  consumption  that  that  of  run  50.  Within  the  accuracy  of  the  test  results,  it 
appears  that  1 ,250  psi  is  near  optimum  for  the  fuel  supply  pressure  at  ambient  test  conditions. 

Run  53  was  a repeat  of  run  50  to  gain  insight  into  the  repeatability  of  starter  performance  and  fuel 
consumption  at  ambient  test  conditions.  Fuel  consumption  repeatability  between  runs  50  and  53 
was  within  2.7  percent. 

Run  54  was  the  first  hydrazine-fueled  starter  test  at  -6S°F  soak  conditions.  The  pre.ssure  drop 
through  the  breadboard  fuel  supply  system  was  found  to  be  excessive,  resulting  in  a low  value  of 
breech  gas  pressure  (Pc).  A fuel  consumption  of  8.69  Ibm  was  noted. 

After  run  55,  the  starter  relief  valve  was  further  modified  in  an  attempt  to  reduce  fuel  consumption. 
During  starter  overhaul,  the  starter  relief  valve  is  adjusted  in  such  a way  as  to  keep  the  valve  pintle 
from  seating  (*»0.005-  to  0.007-inch  gap)  at  ambient  temperature.  The  relief  valve  was  subsequently 
modified  to  assure  that  the  pintle  did  seat  to  prevent  any  loss  of  breech  gas. 

The  average  fuel  consumption  during  the  next  10  ambient  temperature  starter  tests  was  7.30 
Ibm/start.  Fuel  consumption  at  -65°F  (runs  54  and  66)  averaged  8.69  Ibm,  and  +I6OOF'  fuel 
consumption  averaged  6.64  Ibm  (runs  66  and  67). 

The  fuel  consumption  of  8.69  Ibm  as  measured  during  the  -6S^F  tests  (runs  54  and  66)  was  thought 
to  be  greater  than  the  minimal  obtainable  value  due  to  operating  the  gas  generator  at  a low  pressure 


Table  1 1 

HYDRAZINE  STARTER  FUEL  CONSUMPTION  SUMMARY 


2 

3 

4 

Max 

Flywheel 

Speed 

(rpni) 

Time  to 
Max 

Flywheel 
Speed  (sec) 

Test 

Condition 

.LI  90 

19.9 

Amb 

3.100 

18.5 

Amb 

3.000 

19.0 

Amb 

2.9K0 

16.0 

Amb 

3.020 

17.2 

Amb 

3.120 

22.5 

■65‘’F’ 

3.010 

17.0 

Amb 

3.040 

17.7 

Amb 

3.030 

1 6.8 

Amb 

3.040 

1 6.9 

Amb 

3.020 

17.0 

Amb 

3.050 

17.4 

Amb 

3.060 

18.C 

Amb 

3.000 

17.5 

Amb 

3.020 

17.7 

Amb 

3.150 

24.0 

-65‘>F 

3.020 

18.7 

Amb 

3.000 

1 6.6 

Amb 

3.040 

16.7 

+ 16(F>F 

2.980 

16.3 

+ 160^>F 

3.050 

17.4 

•65‘'F 

3.0.t0 

16.8 

Amb 

3,140 

18.3 

•65”F 

Total 

Fuel 

Consumed 


Max  Speed 
(Cartridge 
Mode) 


luel  mix  • 
I'uei  mix- 
17.0 
1 ().S 
1‘).0 

20.5 
17.0 

15.5 


Amb  7.02 

Anib  6.95 

•65^'F  7.90 

■65'’F  S.93 

•65‘>F  7.7« 

+ 160^>F  6.79 

No  t'ltel  consuniptiuii  data 
+160»F  I - I 


Notes: 

(*  )Cartridgc  mode  perlbrmance  lion)  Figure  x-xx,  paragrapli  x.x.x.x 
^-^Startcr  perfoiniancc  anomaly  llywhcel  acceleration  rate  low 
^^^Tcst  valve  failure  - propellant  control  valve  did  not  close 


Net  Fuel 
Con.sumption  to 
Flywheel  Speed 


(Ibm) 

Nc<>> 

(.sec) 

Nc  (Ibm) 

8.93 

2.960 

17.5 

7.86 

7.98 

2.960 

17.1 

7,38 

8.06 

2.960 

18.6 

7.90 

7.78 

2.960 

15.75 

7,74 

7.78 

2.960 

16.8 

7.58 

8.89 

3,070 

22.0 

8.69 

7.62 

2.960 

16.8 

7.54 

7.90 

2.960 

1 7.2 

7,66 

7.62 

2,960 

16.3 

7.38 

7.46 

2.960 

16.5 

7.27 

7.46 

2.960 

16.7 

7.30 

7.62 

2.960 

16,6 

7.27 

fuel  consumption  data 

7.30 

2,960 

17.1 

6.91 

7.70 

2.960 

17.0 

7.46 

7.62 

2,960 

17,2 

7.38 

9.09 

3.070 

23,0 

8.69 

8.57 

2.9(r0 

18.2 

8..U(3) 

7.38 

2.960 

16.2 

7.19 

7.62 

2.770 

14.7 

6.71 

7.30 

2.770 

14.7 

6.59 

7.98 

3,070 

17,6 

8.06 

7.46 

2.960 

16.2 

7.19 

8.32 

3,070 

17,7 

7.94 

6.95 

6.71 

7.62 

8.93(-) 

7.78 

5.92 

(3) 

(3) 


vm-mpmiifjiiii- 


(Pc)  because  of  the  excess  pressure  drop  in  the  breadboard  fuel  supply  system.  The  -b5'^r  I'uel 
consumption  tests  were  repeated  (runs  78  and  80)  witli  liiglier  fuel  supply  pressure  to  verify  this 
assumption.  The  fuel  consumed  at  -65^F  decreased  as  expected  to  an  average  value  of  8.0  Ibm/start. 

3.4.2.4.1 .2  TSF-2  Fuel  Consumption  Testing 

The  worst-case  fuel  consumption  per  start  cycle  with  the  more  energetic  fuel  mix  TSF-2  at 
soak  conditions  was  determined  to  be  7.7  Ibm  (runs  84  and  8b),  a reduction  ol  approximately  3,7 
percent  as  compared  to  the  TSF-1  fuel  consumption. 

3.4. 2.4.2  Discussion  of  Test  Results 

The  fuel  consumption  test  results  are  plotted  in  Figure  55.  Referring  to  Figure  55,  tlie  average 
fuel  consumption  per  start  cycle  for  both  fuel  mixes  has  been  plotted  in  terms  of  fuel  volume 
required  per  start  cycle  as  a function  of  ambient  soak  temperature  prior  to  starter  operation. 

The  least  energetic  fuel  mix  (TSF-1),  requires  192.5  in. 3 of  fuel  at  the  worst-case  fuel  consumption 
condition  of  -65°F.  Fuel  density  change  with  ambient  temperature  excursions  would  require  a 
minimum  fuel  cartridge  volume  of  21 1 in. 3 to  accommodate  fuel  expansion  at  the  upper  operating 
temperature  limit  of  +160°F  (dashed  line).  It  should  be  noted  that  there  is  considerable  excess  fuel 
available  at  all  temperatures  above  the  -65<^F  soak  conditior). 

The  most  energetic  candidate  fuel  mix,  TSF-2,  requires  185.5  in. 3 of  fuel  at  the  -65 °F  start 
condition  and  a minimum  of  203  in. 3 of  fuel  cartridge  volume  to  accommodate  the  fuel  expansion 
at  -HlbOop  operating  conditions. 

Thus  even  with  the  most  energetic  fuel  mix  (TSF-2),  the  total  fuel  required  to  provide  equivalent 
“cartridge-mode”  starter  performance  at  -65°F  test  conditions  (203  in. 3)  could  not  be  packaged 
within  the  181  in. 3 volume  allotted  to  the  fuel  cartridge  in  the  flight  concept  preliminary  design  of 
RRC  drawing  SK  5585,  Rev.  A.  Therefore,  it  was  decided  at  this  time  that  a new  flight  concept 
configuration  would  be  required  to  provide  the  additional  necessary  volume  for  the  TSF-2 
hydrazine  mix. 

Two  alternate  design  solutions  were  available  to  provide  tlie  additional  fuel  cartridge  space  in  the 
flight  concept  design. 

a.  Redesign  the  hydrazine-fueled  pressurization  subsystem  to  reduce  its  volume  by 
(203-181)22  in,3. 

b.  Or  revise  the  pressurization  subsystem  to  a more  compact,  solid  propellant-fueled 
subsystem. 

The  second  approach  was  felt  to  be  the  most  practical  approach  and  is  discussed  in  detail  in 
paragraph  3.5. 

3.4.2.S  Limited  Life  Demonstration 

There  was  a contractual  requirement  to  demonstrate  a limited  life  capability  for  the  flight  concept 
gas  generator  of  20  full-power  starter  operating  cycles.  The  20-cycle  limited  life  demonstration  was 
to  include  at  least  two  cycles  at  each  of  the  temperature  extremes  of  -65  and  +160°F. 
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Figura  56 


Thirty-two  full-powtir  gas  generator  operating  cycles  were  demonstrated;  7 at  -65,  5 at  +160,  and  20 
at  ambient  temperature.  No  detectable  degradation  in  the  performance  of  the  unit  was  noted. 

3.4.3  Exhaust  Gas  Sampling  and  Analy.sis 

The  exhaust  gas  from  the  hydrazine-fueled  starter  was  .sampled,  near  the  turbine  exit  plane,  at  -65, 
ambient,  and  +160®F  soak  conditions  and  analyzed  for  nitrous  oxides,  unreacted  fuel,  and  percent 
by  volume  of  ammonia  and  water  during  starter  operation  with  the  TSF'-l  fuel  mix. 

Neither  nitrous  oxides  nor  unreacted  fuel  were  detected  above  the  experimental  threshold  level  of 
0.1  parts  per  million.  The  time-averaged  exhaust  gas  composition  includes  nitrogen,  hydrogen, 
ammonia,  and  water  as  described  by  the  following  reaction  equation; 

N2H4  + O.1 18  N2H5NO3  + 0.563  H2O ►x  n.941)  H2 

+ 0.9 1 7 H2O  + (0.646X  + 0.53 1 ) N2  + ( 1 - X)  ( 1 .294)  NH3 

where  X is  a factor  that  accounts  for  the  amount  of  ammonia  dissociated  into  nitrogen  and 
hydrogen. 

The  time-averaged  value  of  X as  determined  by  the  exhaust  gas  analysis  at  -65,  ambient,  and 
+ 1 60°F  soak  conditions  is  as  follows: 

X = 0.338  at  -65°F 

X = 0.518  at  ambient 

X = 0.583  at +I6O0F 

The  time-averaged  value  of  the  ammonia  dissociation  factor  can  be  used  with  the  foregoing  reaction 
equation  to  determine  the  average  starter  exhaust  gas  composition  during  starter  operation,  as 
sliown  in  Figure  56. 

3.4.3. 1 Gas  Sampling  Apparatus 

A sketch  of  the  hydrazine-fueled  starter  exhaust  gas  sampling  apparatus  is  shown  in  Figure  57. 
The  exhaust  gas  was  extracted  from  the  starter  exhaust  duct  through  a 3/8-inch  stainless  steel  Pitot 
tube  located  approximately  2 inches  downstream  of  the  starter  turbine  wheel.  The  exhaust  gas 
samples  were  collected  in  two  stainless  steel  sample  cylinders.  A 75-cc  cylinder  was  used  to  sample 
for  nitrous  oxides  and  unreacted  fuel,  and  a 1 3.9-liter  cylinder  was  used  to  collect  a large  gas  sample 
for  composition  analysis.  The  sample  cylinders  were  evacuated  with  a small  mechanical  vacuum 
pump  prior  to  each  sampling  test.  Exhaust  gas  flow  into  the  sample  cylinders  was  effected  by 
energizing  a normally  closed  electric  solenoid  valve. 

The  Pitot  tube  (external  to  the  exhaust  pipe)  sample  valve  and  the  hand  valves  on  the  sample  inlet 
side  of  both  sample  cylinders  were  heated  electrically  to  at  least  200°F  prior  to  operating  the 
starter  to  prevent  condensation  of  water  and/or  ammonia  upstream  of  the  sample  cylinders.  The  gas 
sample  pressure  (Ps)  and  temperature  (Ts)  were  monitored  and  recorded  continuously. 
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3.4. 3. 2 Gas  Sampling  Procedure 

Prior  to  each  gas  sampling  test,  the  sample  cylinders  were  rinsliecl  with  distilled  water,  rinsed  witli 
isopropyl  alcohcd,  evacuated,  and  oven  dried  at  lOO^KL  The  sample  cylinders  were  tlien  installed  as 
shown  in  Figure  57.  Hand  valves  (HV-1,  HV-2,  HV-3,  HV-4)  were  opened,  and  the  cylinders  were 
evacuated  with  the  vacuum  inimp.  The  electric  heater  was  energized  and  operated  continuously 
until  a temperature  of  at  least  200^^F  was  noted  on  the  body  of  the  sample  valve.  Hand  valves  HV-3 
and  HV-4  were  then  shut,  and  the  pressure  in  the  sample  cylinders  (P.s)  was  monitored  to  a,ssure  that 
there  were  no  leaks  in  the  sample  .system. 

The  starter  was  then  installed,  and  the  firing  countdown  was  initiated.  The  sample  valve  was  opened 
0.2  to  0.4  second  after  the  main  fuel  control  valve  was  energized  to  initiate  the  starter  spin-up.  The 
sample  valve  was  closed  v/hen  the  starter  speed  reached  a value  of  approximately  50  rpm  below  the 
maximum  programmed  value. 

Sample  pressure  and  temperature  (Ps  and  Ts)  were  then  noted,  and  the  sample  cylinders  were 
isolated  by  closing  hand  valves  HV-1  and  HV-2.  The  75-ec  sample  cylinder  was  then  removed  and 
routed  to  the  chemical  laboratory  for  immediate  analysis  for  nitrous  oxides  and  unreacted  fuel.  The 
13.9-liter  sample  cylinder  was  sub.sequently  removed  and  routed  to  the  chemical  laboratory  for 
exhaust  gas  composition  analysis.  The  final  pressure  in  the  sample  cylinders  was  typically  noted  to 
be  slightly  subambient  (12  to  14  psia).  Sample  temperature  (T,s)  typically  peaked  at  10  to  15°F 
above  local  ambient  temperature. 

3.4.3. 3 Gas  Analysis  Technique 

The  analysis  techniques  for  the  hydrazine-fueled  starter  exhaust  gas  sampling  ta.sk  arc  presented  and 
discussed  as  follows. 


3. 4.3.3. 1 Analysis  for  Gas  Composition 

The  theoretical  exhaust  gas  composition  for  the  catalytic  decomposition  of  the  TSF-1  fuel  mix  are 
nitrogen,  hydrogen,  ammonia,  and  water  in  quantites  related  to  the  degree  of  completion  of  the 
endothermic  dissociation  of  ammonia  per  the  following  reaction  equation. 

N2H4  + 0.118  N2H5NO3  + 0.563  H2O (X)  ( 1 .94 1 ) II2 

+ (0.917)  H20  + (l  -X)  (1.294)  NH3  + (0.646X  + 0.531)  N2 

where  (X)  is  the  fraction  of  ammonia  dissociated. 

in  the  absence  of  any  secondary  reactions  which  may  form  nitric  o.xides  and  in  the  absence  of  any 
unreacted  fuel  in  the  exhaust  products,  the  ammonia  dissociation  factor  “X”  may  be  determined 
from  the  ratio  of  the  weights  of  water  and  ammonia  present  in  a given  sample  of  the  exhaust 
products  using  the  following  relationship  derived  from  the  reaction  evaluation. 
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Wt  (NH3) 
Wt7H20) 


(0.91 7)  H2O 
^ ^ ■ (1.294KNH3) 

The  ammonia  dissociation  factor  (X)  was  determined  experimentally  with  the  apparatus  .shown  in 
Figure  58.  Referring  to  Figure  58,  the  13.9-liter  gas  sample  cylinder  was  installed  in  an  oven  and 
heated  to  100°C.  Heating  raised  the  gas  pressure  above  local  ambient  and  assured  that  the  water  and 
ammonia  constituents  in  the  gas  sample  were  in  the  gaseous  phase. 

The  hot  gas  sample  was  then  allowed  to  flow  slowly  through  the  test  apparatus.  Water  was  removed 
from  the  gas  sample  in  tlie  first  flask,  which  contained  hygroscopic  Ascarite  (NaOH  on  alumina 
carrier).  The  water  free  gas  sample  then  passed  into  the  second  flask  where  the  ammonia  was 
absorbed  in  a H2SO4  .solution. 

The  weight  of  water  collected  was  determined  by  weighing  the  Ascarite  flask  before  and  after.  The 
amount  of  ammonia  collected  in  the  second  flask  was  determined  by  back  titrating  the  contents  of 
the  second  flask. 

3.4.3.3.2  Analysis  for  NO\  and  Unreacted  Fuel 

The  75-cc  sample  cylinder  was  pressurized  to  approximately  30  psig  with  gaseous  helium,  and  the 
resultant  exhaust  gas/helium  mixture  was  analyzed  for  NOx  and  unreacted  fuel  by  colormetric 
techniques. 

The  principle  of  the  method  used  for  NOx  analysis  is  the  diazotization  of  sulfanilic  acid  which 
couples  with  N-(l-napthyl)  ethylene  diamine  to  form  a stable  red  dye.  The  method  will  measure 
nitric  oxide  if  sufficient  air  is  admitted  to  convert  all  nitric  oxide  to  nitrogen  dioxide. 

The  method  involved  the  preparation  of  a 200-ml  reagent  solution  containing  188  ml  of  sulfanilic 
acid  solution*,  4 ml  of  the  N (1-napthyI)  ethylene  diamine  dihydrochloride  solution**,  and  water. 

Twenty  ml  of  the  reagent  solution  was  drawn  into  an  all-glass  syringe.  A 22-gauge  needle  was 
attached,  the  syringe  was  inverted,  and  entrapped  air  was  forced  out  of  the  syringe.  With  the  syringe 
inverted,  the  needle  was  inserted  through  a septum  on  the  sample  cylinder  and  80  ml  of  gas  was 
allowed  to  enter  the  syringe.  The  needle  was  removed  from  the  septum,  and  the  pressure  in  the 
syringe  was  allowed  to  equalize  with  ambient  pressure  while  maintaining  the  80-ml  gas  volume. 
Twenty  ml  of  ambient  air  were  then  drawn  into  the  syringe  and  the  needle  was  capped.  The  syringe 
was  then  shaken  intermittently  for  20  minutes.  After  rinsing  a 1-cm  pyrex  cell  with  the  reagent 
solution,  the  absorbance  of  the  syringe  sample  was  measured  at  550  urn  using  a Hitachi-Perkin- 
Elmer  double-beam  spectrophotometer,  using  a reagent  blank  as  reference. 


*10  grams  sulfanilic  acid  dissolved  in  800  liil  distilled  water  plug  140  ml  glacial  acetic  acid. 

**0.2  gram  N,(l'itapthyl)  ethylene  diamine  dihydrochloride  in  100  ml  distilled  water, 
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Figure  58 
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20-ml  reagent  solution  and  filled  to  the  mark  with  di.tm. ) volumetric  tlasks  with 

50,  100,  and  1 50  ppm  NO2  in  the  80-nil  gas  sample.  ^ yt^lcimg  absorbance  equivalent  to 

paradimethyl  aminobenzadeMe'!'**'^  colormetric  technique  using  a reagent  solution  of 

...  synnge,  adding  so  mi  or  the 

syringe  was  then  injected  into  a 25-ml  Hask  and  filled'i  ^Ih  ^ niinutes.  The  liquid  from  the 

curves.  ^ tlctcrmined  from  relercnce  calibration 

3.4,4  Exiiaust  Gas  Compo.sitiun  — TSF-2 

wStV'SZr''““  -un.«  s,«er  opcraUon 

fofZi“p‘s  z,  r„rz'Zcs. '‘'“.If 

the  following.  ^ estimated  with  a high  confidence  level  per 

The  reaction  equation  for  the  TSF-2  fuel  blend  is; 

N2H4  + 0,145  N2H5NO3  + 0.521  H20— ( I . X) , 1,285)  NH3 

+ X(  1 .928)  H2  + (0.642X  + 0.575)  N:  + 0.956  H2O 
where  X is  the  ammonia  dissociation  factor. 

The  experimentally  determined  values  for  the  ..  • 

r O.SSd  at  ambient 
1 = 0.643  at+I60Op 

Thus*  the  average  composition  of  the  TSF-2  fueinri  , t 

substituting  the  avetage  ammoitia  dissociatim.  p " ‘;>thaust  products  can  be  estimated  by 


•**2,03  grams  dry  sodium  nitrite,  diluted  to  1 liter  with  distiiled  lyator, 
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The  time-averaged  value  and  the  steady-state  value  of  the  ammonia  dissociation  factor  are 
summarized  in  Figure  59  for  starter  operation  with  TSF-I  and  TSF'-2  fuel  mixes,  as  a function  of 
ambient  soak  temperature.  Figure  60  depicts  the  thermochemical  reaction  temperature  for  both 
fuel  blends  as  a function  of  the  in.stantaneous  ammonia  di.s.sociation  factor. 

3.S  PRESSURIZATION  SUBSYSTEM  TESTING 

The  initial  flight  concept  versions  of  the  hydrazine-fueled  starter  - RRC  drawing  SK  5585  and  RRC 
drawing  SK'  5585,  Rev.  A envi.sioned  hot  gas  pressurization  of  the  fuel  cartridge/breech  ullage 
using  a pre.ssure-rogulated,  hydrazine-fueled,  gas  generating  subsystem. 

Phase  II  hydrazine  starter  fuel  consumption  testing  subsequently  eliminated  the  hydrazine-fueled 
pressurization  subsystem  as  a viable  candidate  for  the  starter  application  because  of  the  requirement 
for  increa.sing  the  quantity  of  fuel  that  would  have  to  be  stored  in  the  breech  envelope  to  duplicate 
the  “cartridge-mode”  starter  performance. 

The  final  tlight  concept  version  of  the  hydrazine-fueled  starter,  RRC  drawing  SK  5762,  Rev.  A,  is 
configured  with  a solid-propellant-fueled  pressurization  .subsystem.  This  approach  minimizes  the 
.space  required  for  tlie  pressurization  system  and  affords  liic  muxiniurn  possible  space  available  lor, 
the  liquid  fuel  cartridge. 

The  solid  propellant  pressurization  concept  and  the  results  of  the  breadboard  solid  propellant 
pre.ssurization  subsystem  test  program  are  discussed  below. 

3.5.1  Solid  Propellant  Pressurization  Concept 

The  basic  solid  propellant  pressurization  concept  is  simple  in  principle  and  involves  matching  the 
rate  of  gas  generated  by  the  burning  solid  propellant  cartridge  (Vs)  to  the  rate  of  liquid  fuel 
consumed  by  the  starter  (Vp)  at  the  required  .starter  fuel  supply  presf.mre  (,Pf). 

(Vs  = Vp)pj.  (I) 

The  rate  of  gas  generated  by  the  solid  propellant  cartridge  can  be  stated 


where: 

Ws  = 
R = 
Ts  = 
Pf  = 
Ms  = 
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Vs  = 


WsRTs 

PfMs 


(2) 


Muss  rate  of  gas  generated,  Ibm/sec 

Universal  gas  constant,  ft  Ib/lb  mole 

Temperature  of  gas  generated 

Fuel  supply  pressure  * burning  pressure,  lbf/ft2 

Molecular  weight  of  the  solid  propellant  exhaust  products,  Ibm/lb  mole 


The  required  burning  surface  area  (Ab)  for  (he  solid  prupellanl  eariridge  can  be  calculated  if  the 
propellant  burning  rate  (r)  and  the  propellant  density  (v?s)  ai . oiown. 


A|i 


3l 

'•>Ps 


(3) 


{•'or  the  starter  application,  the  solid  propellant  pressuri/ation  cartridge  would  ideally  exhibit  a 
neutral  burning  characteristic  (constant  pressure  burning).  Neiiiral  burning  can  be  obtained  with  a 
cartridge  that  burns  on  one  end.  The  diameter  of  the  cartridge  (Db)  determined  from  the 

burning  area  (Equation  3).  and  the  length  of  the  cartridge  (IJ  can  be  determined  from  the  burn  rate 
(r)and  the  required  starter  operating  time  (0)  as  follows: 


Thus,  assuming  that  the  solid  propellant  cartridge  is  sized  fur  one  operating  condition,  the  cartridge 
sizing  is  straight.foi’ward  if  the  effective  gas  composition  (Ms)  and  gas  temperature  (Ts)  arc  known. 

The  actual  sizing  of  the  .solid  propellant  cartridge  for  tlie  hyi'irazine-fueled  starter  application  was 
done  per  the  foregoing  with  the  design  point  set  at  the  minimum  allowable  fuel  pre.ssure  at  -bS^F 
soak  conditions.  Certain  assumptions  were  made  regarding  the  composition  of  the  exhaust  gas  (Ms) 
and  the  effective  temperature  of  the  exhaust  gas  (Ts)  based  on  estimated  heat  transfer  effects  to  the 
breech. 

Extrapolating  the  gas  generating  characteristics  of  the  solid  propellant  pressurization  sub.system  to 
ambient  and  +160^F  operating  conditions  is  an  extremely  difficult  ta.sk.  For  instance,  the  pressure 
that  the  solid  propellant  gas  generator  would  develop  if  the  throat  area  (A*)  were  constant  in  the 
system  can  be  expressed  as 


_ ffk(T2-Tl).  ^ 
l‘l  • A* 


(6) 


where: 

•vri. 

(T2-T1) 


Temperature  sensUivity  of  burning  pressure  at  constant  Aq/A* 
Change  in  temperature 


Thust  the  pressure  would  tend  to  increase  at  ambient  temperatures  above  the  -65*^F  design  point. 


Addilioiially,  llio  propellant  burn  rate  at  any  temperature  is  a function  of  pressure 


— = T = C (7) 

ri 


where: 

n = Burning  rate  pressure  exponent 

and  even  if  the  solid  propellant  pressuri/ation  subsystem  were  somehow  pressure  regulated,  the 
burn  rate  would  increase  with  temperature  in  accordance  with 

i-  = e‘^P<T2-Tl);  p = c (8) 

ri 


where: 

op  = ttkt  1 - n)  = temperature  sensitivity  of  burn  rate  at  constant  pressure 

In  the  hydraa:ine  starter  application,  Ab/A*  is  not  constant,  heat  transfer  to  the  breech  walls  and 
fuel  cartridge  affects  the  temperature  and  molecular  composition  of  the  pressurization  gas,  there  is 
no  pressure  regulator,  and  the  unit  must  function  over  a broad  temperature  range. 

Detailed  analysis  was  conducted  to  predict  the  operating  characteristics  of  the  solid  propellant 
pressurization  subsystem  over  the  complete  -65  to  + 160*^^’  operating  range.  Based  on  these  analyses, 
the  basic  or  conceptual  operating  characteristics  of  the  flight  system  will  be  reviewed  in  the 
following  subsection. 

3.5.1 .1  Solid  Propellant  Pressurization  Subsystem  Operating  Characteristics 

Figure  6i  depicts  the  uliowable  fuel  pressure  limits,  as  a function  of  ambient  temperature,  for  tlie 
hydrazine  starter. 

if  tlic  pressurizing  propellant  has  a high  value  of  Trk,  then  a cartridge  that  has  been  sized  to  satisfy 
the  -65°F  fuel  supply  requirements  will  function  satisfactorily  from  -bS^^F  to  some  intermediate 
temperature  (point  1);  operation  at  temperatures  in  excess  of  point  1 may  result  in  mechanical 
failure,  excess  fuel  consumption,  or  some  other  undesirable  condition. 

If  a pressurizing  propellant  is  selected  with  a low  value  of  )rj<,  the  starter  could  operate  .satisfactorily 
between  the  -65®F  design  point  and  the  upper  temperature  limit  (point  2). 

Rocket  Research  Corporation  conducted  a propellant  supplier  survey  to  determine  the  availability 
of  propellants  with  low  values  of  rrk-  The  results  of  this  survey  indicated  that  there  were  no 
propellants  available  that  would  satisfy  the  -65<^F  to  point  2 requirements  sljown  on  Figure  61. 
Several  propellant  suppliers  liave  commercially  available  propellant  with  ir|c  values  in  the  nominal 
0.2  to  0.3  pcrcent/‘^F  range. 
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Talley,  a i^ropellaiil  supplier  for  the  MXU4A/A  cartridge  used  with  the  cartridge  starter,  provided 
test  sample  cartridges  for  the  pressurization  subsystem  test  program.  This  propellant,  de.sigiuited 
TAL  431  MOD. 076,  has  a value  of  0.22  perceiit/^^F. 

Rocket  Re.search  Corporation  has  developed  a technique  for  using  the  'I'alley  propellant  that 
reduces  the  effect  of  higher  than  desired  n^.  Tigure  62  depicts  the  apinoach. 

Referring  to  h'igure  62,  the  solid  propellant  cartridge  is  designed  to  the  miiiinuim  fuel  pressure. 
-6.S^M"  operating  point.  This  will  allow  .satisfactory  starter  operation  between  -6.S‘M'  and  the 
intermediate  temperature  of  point  1.  At  point  1,  the  ratio  of  burn  area  to  effective  throat  area, 
Ab/A*,  is  decrea.sed  by  opening  a bleed  orifice  and  dumping  a predetermined  percentage  of  the  gas 
being  generated.  This  allows  the  pres.sure  in  the  breech  to  be  reduced  (point  2)  to  the  minimum 
allowable  value,  providing  acceptable  starter  performance  between  -65'^’F  and  point  3. 

Point  3 may  lie  to  the  left  of  the  +160^F  temperature  line,  within  certain  limits,  and  still  allow 
acceptable  starter  performance  at  the  +160  limit.  There  is  exee,ss  fuel  available  at  +160‘^F,  and  the 
starter  pressure  relief  valve,  which  is  located  just  upstream  of  the  turbine  nozzle  block,  can  be  set  to 
relieve  the  excess  gas  generated  by  the  hydrazine-fueled  gas  generator,  if  required. 

3.5.2  Solid  Propellant  Pressurization  Subsystem  Test  Results 

Rocket  Research  Corporation  procured  25  cartridges  from  Talley  Industries  of  Arizona  to  evaluate 
the  proposed  solid  propellant  pressurization  subsystem  approach  experimentally.  The  test 
apparatus,  test  program,  and  test  results  are  described  below. 

3.5.2. 1 Test  Apparatus 

A breadboard  version  of  the  proposed  solid  propellant  pressurization  subsystem  and  a liquid  fuel 
expulsion  device  were  fabricated  to  evaluate  the  pressurization  subsystem  concept  at  the 
component  level,  at  -65,  ambient,  and  +160^F  soak  conditions.  The  test  apparatus  is  shown  in 
Figures  63  through  65. 

Figure  63  is  a sketch  of  the  gas  generator/fuel  expulsion  device.  The  gas  generating  portion  of  the 
sub.system  includes  the  breech  assembly,  solid  propellant  cartridge,  and  ignitor.  Hot  gas  generated 
by  the  sedid  propellant  cartridge  is  used  to  pressurize  the  piston  in  the  aircraft  type  accumulator. 
Approximately  370  in, 3 of  fuel  is  contained  in  the  space  below  the  piston.  A liquid  flow  control 
orifice  is  located  in  the  discharge  end  of  the  accumulator.  Fuel  retention  is  accomplished  with  a 
1 ,000-psi  burst  disc. 

The  solid  propellant  cartridge  is  an  end  burning  configuration,  2.1  inches  in  diameter  and  1 .5  indies 
in  length.  Tlie  cartridge  is  inhibited  on  the  cylindrical  surface  and  one  end.  The  propellant  is  a gum 
rubber/ammonium  nitrate  blend  designated  as  TAL  431MOD.076  and  is  identical  to  that  used  in 
late  model  Talley  MXU4A/A  solid  propellant  cartridges  for  the  cartridge  starter  application.  The 
supplier’s  data  sheet  for  this  propellant  blend  is  shown  in  Figure  66. 

The  ignitor  is  a RRC-developed  device  utilizing  two  electric  matches  and  pelletized  BKNO3. 
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BREADBOARD  HYDRAZINE  FUEL  SUPPLY  AND 
SOLID  PROPELLANT  PRESSURIZATION  SUBSYSTEM 


Talley  Industries'  Product  Data  Sheet 


SOLID  PROPELLANT  DESIGNATION 

TAL-431  MOD  0.076 
(Formerly  36-85-1) 


l>'si'ni)(ion:  Gum  Uubbor/Animonium  Nitrate 


HA  L L IS  r IC  P RO  PE  irr  lES : 

Hurniiij^  Rato  Equation  (80‘^  F) 

Area  Ratio  Equation  (80“  K,  calc)  

Mamo  TomiK'raturc  (‘>F,  calc)(1p 

Cliaractoristlc  Exiiaust  Voloclty  (C*,  I't/sec)  . . , 
Tcm|)oraturo  Sensitivity  ('c/°F) 

Tcmi).  Ranito  -C5‘Mo  4 160“  F 
SiK!oili('  Impulse  (1000  psia,  Ibf-sec/lbm,  calc)  . 

Molecular  Welglit,  Gas  (calc,  avg.)  (T) 

Ratio  ol'  Six'dlic  Heats  {y,  calc) 

Heat  of  Reaction  (cal/gram) . . . 

Appro.ximate  Gas  Composition  (Mole  'a)  (l) 


«2 

27. 11 

CIl4 

0.04 

HgO 

29.77 

NHa 

0.03 

c6 

15.57 

N2S 

0.  17 

C02 

7.23 

N2 

20.08 

I’lIYSICAL  PROPERTffiS: 


Ten.sile  Strength  (psi.  m:L\)  ... 
Elongation  ('•  at  nuoi  stress)  .. 
Ilardne.s.s  (Shore  "A".  80"  F)  . 

IV'ii.sity  (Ib.'hr.  80"  FI 

Auioigiillhm: 

^ One  hour  at  350'*  F 
ICC  C'la.s.sliieatioii 


»i=  0.076  (Pc/1000)  n’ta 
Kn  = 2040  (Pc/1000)  ' 

2132 

3919 


))k  = 0.22 
...190.34 
...  19.16 
. ..  1.269 
860 


Temp  (‘^F) 

-65 

80 

160 

60 

7 1 

64 

,053 


Flammable  Solid 


NO  TE.S:  (T)  Fro/'  n flow  ealeulutlons.  chamber  eonclitions. 

I ilurn  rale  range’  trom  0.073  to  0.070  inches  i)cr  second. 
I’lililished  N'oci'inbcr.  I06H 


US 
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Figures  64  and  65  arc  photographs  ol'  the  breadboard  solid  propellant  pressurization  subsystem 
apparatus.  Figure  64  sliows  the  individual  subsystem  components,  and  F'igurc  65  shows  the 
complete  assembly. 

3.5. 2.2  Test  Setup 

The  fuel  expulsion  device  and  the  solid  propellant  gas  generator  were  installed  in  a 25  ft3 
environmental  test  chamber  and  in.strumented  shown  in  Figure  67. 

Control  requirements  were  limited  to  supplying  28-volt  DC  power  to  fire  the  ignitor  and  power  to 
open  the  solenoid  valve  for  hot  gas  bleed  when  used. 

Tliree  pressures  were  monitored  with  strain  gauge  transducers: 

Pc  Breech  chamber  pressure  in  the  gas  generator 

PU  -•  Accumulator  pre.ssure  on  gas  side  of  piston 

PTK  - Accumulator  pressure  on  liquid  side  of  piston 

Four  temperatures  were  measured  with  chromel  alumel  thermocouples: 

Tc  Gas  temperature  in  gas  generator  breech 

Tu  - Gas  temperature  in  accumulator 

TtK  - Liquid  temperature  in  accumulator 

Too  --  linvironmental  chamber  temperature 

3. 5. 2.3  Test  Procedure 

The  basic  test  procedure  for  characterizing  the  performance  of  the  solid  propellant  pressurization 
subsystem  was  as  follows: 

1 . Install  proper  liquid  flow  control  orifice  in  accumulator 
r . In.stall  new  ( 1 ,000-psid)  burst  disc  in  liquid  flow  outlet  of  accumulator 

3.  Install  ignitor  in  gas  generator 

4.  Install  solid  propellant  cartridge  in  gas  generator 

5.  Adapt  gas  generator  to  accumulator 

6.  Load  liquid  into  accumulator 

a.  Open  vent  valve 

b.  Evacuate  through  accumulator  fill  valve 

c.  Back  fill  with  liquid  until  piston  “tops  out”  on  upper  closure  end  of  accumulator 

d.  Shut  fill  and  vent  valves 

7.  Attach  instrumentation 

8.  Install  proper  hot  gas  bleed  orifice  in  outlet  of  hot  gas  control  valve 
a.  Ambient  and  +160°F  soak  conditions  only 
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9.  Hook  up  ignitor  power  leads 

10.  Soak  to  required  operating  temperature  - hold  4 hours  (mininuim)  after  all  temperatures 
indicate  stable  readings  at  required  temperature 

1 1 . Start  recorders 

12.  Fire  gas  generator 

a.  Open  bleed,  as/if  required  after  ignition  peak. 

3.5. 2.4  Expulsion  Test  Re.sults 

Bighteen  solid  propellant  cartridges  were  fired  to  obtain  the  required  ignitor  performance;  define 
gas  generation  rate  versus  operating  p~essure  level  at, -65,  ambient,  and  +160“F  operating 
conditions;  and  to  evaluate  the  proposed  hot  gas  bleed  technique. 

Fuel  expuLsion  at  -65^F  soak  conditions  was  simulated  by  substituting  isopropyl  alcohol  for  the 
TSF-2  fuel  mix.  Fuel  expulsion  at  ambient  and  +160“F  soak  conditions  was  simulated  by 
substituting  water  for  the  fuel  blend.  One  test  was  conducted  expelling  TSF-2  fuel  at  ambient  soak 
conditions. 


The  test  results  are  summarized  in  Figures  68  and  69.  F.igure  68  is  an  overlay  of  the  nominal 
starter  fuel  supply  requirements  and  the  operating  characteri.stics  of  the  solid  propellant 
pressurization  sub.system  at  -65,  ambient,  ami  + 1 60‘’F  soak  conditions.  Referring  to  Figure  68, 
the  nominal  starter  fuel  supply  requirements  can  be  depicted  by  a window  bounded  by  a fuel 
volume  rate  of  10  to  1 1 in. 3/sec  and  a fuel  supply  pressure  of  1,000  to  1,100  psig.  The  operating 
characteristics  of  the  .solid  propellant  pressurization  subsystem  are  defined  by  plotting  the  rate  of 
gas  generated  as  a function  of  breecii  pressure  at  -65,  ambient,  and  +160‘^F  soak  conditions.  The 
required  solid  propellant  subsystem  operation  is  obtained  if  the  gas  generating  rate  passes  through 
the  starter  requirements  window  at  -65,  ambient,  and  +160^F  soak  conditions. 


Referring  to  Figure  68,  it  will  be  noted  that  the  operating  characteristics  of  the  solid  propellant 
subsystem  are  acceptable  at  -65^F  soak  conditions;  i.e.,  the  rate  of  gas  generation  at  the  required 
starter  operating  pressure  level  falls  within  the  boundaries  of  the  window.  Further,  it  will  be  noted 
that  the  operating  characteristics  of  the  solid  propellant  pressurization  subsystem  are  unacceptable 
at  ambient  and  +160^F  soak  conditions  since  these  operating  lines  do  not  pa.ss  through  the  starter 
requirements  window.  The  rate  of  gas  generation,  at  these  temperature  conditions,  exceeds  the 
volumetric  rate  of  starter  fuel  consumption  at  the  required  fuel  supply  pressure. 


As  noted  in  paragraph  3.5.1,  this  trend  of  excess  gas  generation  with  increasing  subsystem  operating 
soak  temperature  was  anticipated  and  is  consistent  with  the  use  of  a propellant  blend  with  a higher 
value  of  iric  than  desired. 


The  effective  value  of  the  rate  of  gas  generation  for  the  solid  propellant  subsystem  can  be  reduced 
(at  ambient  and  +160^F  soak  conditions)  to  a level  consistent  with  the  starter  requirements  window 
by  bleeding  off  a small  amount  of  the  gas  being  generated.  The  amount  of  gas  bleed  is  small,  since 
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gas  bleed  reduces  tlie  burning  pressure  which  in  turn  reduces  llte  rate  ol' gas  generation  (liquation  7, 
paragrapli  3.5.1 ). 

Figure  69  depicts  the  feasibility  of  using  the  solid  propellant  pres.surizutioii  subsystem,  with  bleed, 
to  satisfy  the  starter  fuel  supply  requirements.  At  soak  conditions,  tlie  pressurization 

subsystem  (us  sized  and  tested  in  this  program)  operating  line  pas.ses  through  the  starter 
requirements  window  with  no  bleed.  At  ambient  soak  conditions,  hut  g-  1 through  a number 
68  drill  orifice  dumps  too  much  gas;  hot  gas  bleed  through  a nuinbei  ill  orifice  dumps  too 
much  gas;  hut  gas  bleed  through  a number  79  drilled  orifice  comes  very  ck  a.*  to  the  nominal  starter 
requirements  window.  Likewise,  hot  gas  bleed  through  a number  79  drill  orifice  reduces  the 
effective  gas  generating  rate  at  +160^F  soak  conditions  to  a level  that  is  very  close  to  the  starter 
requirements  window. 

3.S.3  Hydrazine  Starter  Operation  With  Breadboard  Solid 
Propellant  Subsystem  Fuel  Supply 

As  a final  feasibility  demonstration  of  the  hydrazine-fueled  starter  concept,  RRC  has  successfully 
conducted  three  full-power  starter  operating  cycles,  at  ambient  soak  conditions,  using  the 
breadboard  solid  propellant  pressurization  subsystem,  with  bleed,  for  fuel  supply. 

The  test  setup  is  shown  schematically  in  Figure  70  and  pictorially  in  Figure  71.  Referring  to 
Figure  70,  the  starter  was  mounted  on  the  universal  test  stand,  and  the  flight  concept  gas  generator 
(eight-cup  GG)  was  installed  in  the  breech  base.  The  breadboard  solid  propellant  fuel  supply 
subsystem  was  adapted  to  the  gas  generator  through  a check  valve  and  a normally  closed  solenoid 
valve  as  shown.  The  breadboard  fuel  expulsion  device  was  loaded  with  TS'r-2  fuel,  and  the 
solid  propellant  cartridge  and  ignitor  were  installed  in  the  gas  generator  breech.  A number  79  drill 
bleed  orifice  was  adapted  to  the  solid  propellant  gas  generator  through  a normally  closed  solenoid 
valve. 

Starter  operation  involved  the  following; 

a.  Apply  28-vdc  power  to  the  ignitor. 

b.  Simultaneously  open  the  solenoid  valves  in  the  main  gas  generator  fuel  supply  and  hot  gas 
bleed  lines. 

NOTE:  Simulates  the  rupture  of  burst  discs  in  the  flight  concept  design. 

c.  When  the  required  flywheel  terminal  speed  is  achieved,  open  the  solenoid  valve  that  is 
installed  in  the  fuel  outlet  bypass  of  the  breadboard  fuel  accumulator  (dump  excess  fuel). 

NOTE:  The  accumulator  in  the  breadboard  fuel  supply  subsystem  has  a fuel  capacity  of 
370  in. 3 which  exceeds  the  required  fuel  volume  of  186  in.3  by  a considerable  margin. 
Thus  the  excess  fuel  was  dumped  to  avoid  starter  overspecd  for  the  breadboard  system 
test  firings. 

The  operating  characteristics  of  the  hydrazine-fueled  starter,  operating  in  coitjunction  with  tlie 
breadboard  solid  propellant  pressurization  fuel  supply  subsystem,  are  shown  in  Figure  72. 
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The  final  llighl  concept  prelimiiuuy  design  version  of  llie  hydra/.ine  starter  is  shown  in  Figures  73 
through  78.  Major  components  of  the  system  include: 

a.  The  starter  gas  generator 

b.  An  expendable  hot  gas  bleed  burst  disc  insert 

c.  The  liquid  fuel  cartridge. 

A brief  description  of  the  mqjor  system  components  follows. 

4.1  STARTER  GAS  GEN  ER  A!  OR 

The  starter  gas  generator  is  an  as.sembiy  of  eight,  axial-flow  gas  generating  elements  arranged  in 
parallel  and  manifolded  to  a central  fuel  supply  fitting.  Each  of  the  eight  gas  generating  elements 
consists  of  an  outer  shell  (cup)  loaded  with  20. ,S  grams  of  Shell  405  spontaneous  catalyst  (25-  to 
30-mesh  granules).  The  catalyst  is  retained  in  the  cup  by  a slotted  bedplate  and  a bedplate  retaining 
ring.  The  retaining  ring  is  welded  to  the  outer  shell  after  catalyst  loading.  I'uel  is  introduced  into  the 
catalyst  bed  in  a radial  direction  through  four  0.044-inch-diainetei  holes  in  an  injector  stub  that 
penetrates  approximately  0.2  inch  into  the  upstream  end  t>f  the  catalyst  bed.  A wire  me.sh  screen  is 
used  to  prevent  cataly.st  particle  migration  into  the  ().()44-iliamcter  injector  ports. 

With  the  exception  of  the  screen,  all  starter  gas  generator  components  are  fabricated  from  300  series 
stainless  steel.  Each  of  the  eight  gas  generating  elements,  the  injector  stubs,  and  the  fuel  manifolding 
tubes  is  brazed  to  llic  mounting  structure  with  Palniro  1 braze  material. 

4.2  HOT  GAS  BLEED  BURST  DISC  INSERT 

As  discussed  in  paragraph  3.5,  there  is  a requirement  to  bleed  excess  gas  generated  by  the  solid 
propellant  pressurization  sub.system  at  ambient  and  -)-160<^M'  oi)eraling  conditions,  This  requirement 
can  be  satisfied  by  placing  a bleed  orifice  across  the  starter  gas  generator  mounting  plate  and 
controlling  the  flow  of  breech  gas  through  the  bleed  orifice  by  means  of  a burst  disc.  The  burst  disc 
would  be  designed  to  rupture  at  a predetennined  pressure  differential  between  the  breech  and  the 
turbine  inlet  pressures.  The  burst  disc  would  be  designed  to  remain  intact  at  -65°F  breech  pressure, 
Utus  prevtmting  breech  gas  bleed  at  -OS^F  operating  conditions.  The  burst  pressure  would  be 
selected  to  provide  gas  bleed  at  any  operating  tempcratinv  above  approximately  40®F  (RRC 
estimate). 

The  hot  gas  bleed  passage  would  not  be  open  at  -{>5  to  -1-40‘^H"  operating  conditions  during  starter 
operation.  However,  when  the  fuel  is  consumed  after  a normal  starter  operating  sequence  in  this 
temperature  range,  the  starter  gas  generator  outlet  pressure  (turbine  inlet  pre.ssure)  will  decrease  to 
local  ambient  pressure:  and  the  hot  gas  bleed  burst  disc  will  rupture  due  to  the  high  pressure 
differential  tlmt  exists  between  the  pressurized  broecli  and  the  unpressurized  breech  base  cavity. 
Burst  disc  rupture  will  vent  the  breech  cap  and  allow  acce.ss  to  the  expendable  fuel  cartridge. 


Breech  cap  venting  will  occiir  auloinatically  through  the  open  liot  gas  bleed  orifice  at  fuel  depletion 
at  system  operating  temperatures  in  the  +40  to  +I60‘M-  range.  Tims,  (lie  hot  gas  bleed  insert  is  an 
expendable  item  that  is  replaced,  with  the  liquid  fuel  cartridge,  after  each  starter  oimrating  cycle. 
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4.3  LIQUID  FUEL  CARTRIDGE 

The  fuel  cartridge  is  an  assembly  of  the  outer  shell,  fuel  retention  bladder,  the  liquid  fuel  charge, 
and  the  solid  propellant  pre.ssurization  cartridge. 

The  outer  shell  is  an  injection-molded  polyethylene  structure  that  provides  handling  protection  to 
the  liquid  fuel  charge.  The  outer  shell  contains  provisions  for  fuel  bladder  retention,  interfacing 
features  for  the  fuel  supply  to  the  starter  gas  generator,  and  retention  of  the  solid  propellant 
pressurization  cartridge.  The  fuel  cartridge  will  contain  7.71  pounds  of  TSF-2  I'uel.  The  fuel  blend  is 
contained  by  a combination  of  the  polyethylene  fuel  shell,  an  elastomeric  bladder,  and  a fuel  outlet 
burst  disc. 

The  solid  propellant  pressurization  cartridge  is  a hermetically  sealed  .suba,ssembly  that  would  be 
packaged  in  a light-gauge  rnetal  can,  which  in  turn  would  “snap  in”  to  the  outer  shell  of  the  fuel 
cartridge.  The  pressurization  cartridge  is  an  assembly  of  the  outer  can,  the  .solid  propellant  grain, 
ignitor,  and  the  electrical  interfacing  connector  for  the  ignitor.  The  electrical  power  interface  with 
the  breech  cap  is  identical  to  that  presently  used  in  the  standard  MXU4A/A  solid  propellant  starter 
cartridge. 
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The  solid  propellant  grain  is  an  end  burning  configuration  2.1  inches  in  diameter  and  l.S  inches  in 
length.  The  grain  is  inhibited  on  the  cylindrical  surface  and  one  end.  The  propellant  is  a gum 
rubber/ ammonium  nitrate  blend  de.signated  as  TAL  431  MOD  0.076  and  is  identical  to  that 
currently  used  in  late  model  MXU4A/A  starter  cartridges  manufactured  by  Talley. 

4.4  FLIGHT  LINE  HANDLING  REQUIREMENTS 

The  flight  line  handling  requirements  associated  with  the  llighl  concept  version  of  tlie 
hydrazine-fueled  starter,  as  described  in  this  section,  would  be  very  similar  to  the  current 
MXU4A/A  solid  propellant  cartridge  handling  loquiremenls. 

The  main  gas  generator  would  be  permanently  installed  in  the  starter  breech  base,  requiring  no 
flight  line  rtiaintemulce.  . 

The  liquid  fuel  cartridge  would  be  changed  prior  to  sturt'ir  operation  by  removing  the  breech  cap, 
removing  the  spent  cartridge,  asid  installing  a iresh  cartridge  as  is  presently  done  with  the 
MXU4A/A  solid  propellant  cartridge.  > ^ : 

' , . , ' I 1 

Tljcre  would  be  one  additional  task  for  the  flight  line  mechanic.  The  hot  gas  bleed  burst  disc  insert 
would  have  to  be  removed  and  replaced.  The  removal  and  replacement  of  this  device  could  be 
eliminated  by  further  design  effort  which  would  integrate  the  feature  into  the  liquid  fuel  cartridge 
external  rhcli  structure. 
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SECTION  V 
CONCLUSIONS 


The  fea^jibility  of  converting  a jet  engine  cartridge  starter  to  operate  successfully  and  acceptably 
with  monojnopellant  hydrazine  has  been  demonstrated.  The  ability  to  package  tlie  complete 
liydrazino  subsystem  (conversion  package;  within  the  space  normally  occupied  by  the  standard 
S'lbm  type  MXU4A/A  solid  propellant  cartridge  is  a readily  obtainable  goal. 


The  breadboard  version  of  the  hydrazinoTuelod  jet  engine  starter  lias  been  successfully 
demonstrated  over  the  required  -bS  to  +160<^F  operating  range.  Starter  performance  equal  to  or 
exceeding  the  cunent  solid -propellant-t'ueied  starter  has  been  demonstrated.  The  flight  concept  type 
(eight“CUp)  jjas  generator  has  been  used  to  conduct  35  fulbpower  hydrazine-fueled  starter  operating 
cycles  with  no  detectable  performance  degradation  which  would  be  indicative  of  gross  catalyst  bed 
life  limitations, 

, ' 1 ' 

There  are  several  features  of  the  hydrazine>fueied  starter  concept  that  can  be  classified  us  potential 
impiii^vetnents  to  the. current  solid-propcilant*fueled  cartridge  starter.  These  features  include; 

a.  ; Particulate  free  exhaust.  There  is  no  smoke:  this  would,  result  in  improved  flight  line 

' Visthility  during  cartridge  starter  operation. 

Additiohaliy.  the  lack  Of  solid  particles  in  the  hydrazine  exhaust  means  that  there  b no 
, particulate  buildup  in  the  hot  sectiohof  the  starter.  Particulate  buildup  us  experienced 
with  the  MXU4  type  solid  cartridge  reduces  turbine  performance  and  is  the  driving  factor 

' in  trie  corrosion  of  4II  components  in  the  hot  section  of  the  starter. 

, ' ' 

b;  Turbine  inlet  temperatures  arc  2CiO  to  500°F  lower  with  the  hydrazine-based  fuel  blond 
as  compared  to  the  temperatures  measured  during  starter  operution  in  the  cartridge  mode. 
Lov^cr  turbine  inlet  temperatures  ore  conductive  to  extended  turbine  wheel  life. 

The  combined  effect  of  itenis  a.  und  b.  above  would  have  a strong  influence  on  starter 
.liie.  Kooltet  btt£seareh  Corporation  estimates  that  the  time  between  overhaul  requirements 
could  be  increased  from  the  curreut  vjdue  of  30  lo  300  starts  for  the  solid-propellant- 
fueled  starter  tt)  a value  approaching. 2.000  starts  for  the  hydnuf.ined'ueled  starter. 


c.  The  flam  inability  .and  toxicity  Of  the  hydrazine  exhaust  products  are  no  worse  than  those 
obtaiited  torn  the  solH  pwiiellant  cartridge  exhaust. 

Figures  79  through  81  d^pici  the  cdndUiciv  of  The  hydmzinb-fueWd  starter  after  35  fulFpower 
operating  cycles.  Kliefe  is  bp  residue  or^^artjeut^e  tiaijaup  diiany  starter  cumponent. 

Figures  82  through  85  are  photographs  of  a tyjliicai  cartridge  starter,  as  received  at  the  overhaul 
center  (ALC,  Kelly  AFB).  after  aciCdlhulating  iUV  unlthown  number  of  cartridge  starts.  The 
difference  in  cleanliness  be tWi^n  both  gtiirtWxlK  obvilrtts-  . , 
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HYDRAZINE-FUELED  STARTER 
(TURBINE  EXHAUST  MANIFOLD) 
AFTER  35  FULL  POWER  STARTS 
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CARTRiDGE  STARTER  AS  RECEIVED  FOR  ALC  OVERHAUL 
(TURBINE  EXHAUST  MANIFOLD) 

NUMBER  OF  STARTS  UNKNOWN 


In  closing,  it  should  be  noted  that  a considerable  portion  of  the  rime  f ^ 
program  were  related  to  solving  the  uniniie  ^ ^ funds  expended  on  this 

hydrazine  conversion  subsystem  into  the  space  thatTs\^r°^-T*^^  with  the  packaging  of  the  entire 
solid  propellant  carlrldga.  Additionally  litlk  if  anToro  n™  *'  ““  “’‘‘"'A/A 

of  lltc  gas  generator  uL  was  Td  to' “ e^rsCr Tnr 

warrant  consideration  of  hydrazine  and  n<irr‘  i i r aircraft  starter  applications  may 

supply  systen,  for  ctllerlxflt;  app::^^  “ " *■“  “ "vl-ine  fud 
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<r  u.  i.  aowtiwsifr  wint.ini,  ornet,  »n  m-oouao 
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